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4PREFACE
"Look deep into nature, and then you will understand everything better" 
Albert Einstein
“L’ única manera de fer una treball genial és estimar el que fas. Si encara 
no ho has trobat, segueix buscant!”
Alex Lorente
“I used to think the top environmental problems were global warming, 
environmental degradation and ecosystem collapse, and that we scientists 
could fix those problems with enough science. But I was wrong. The real 
problem is not those three items, but greed, selfishness and apathy. And 
for that we need a spiritual and cultural transformation. And we scientists 
don’t know how to do that”.
Gus Speth 
PREFACE
5ABSTRACT / RESUM
Les salpes són tunicats pelàgics marins que te-
nen característiques oportunistes per a proliferar 
quan les condicions són favorables i mantenir-la 
en períodes adversos. Les altes abundàncies as-
solides durant un bloom, en combinació amb els 
seus mecanismes d’alimentació altament eficients, 
tenen un efecte notable pels ecosistemes així com 
per a la societat. Tot i que els blooms de salpes són 
comuns a la costa catalana durant primavera i tar-
dor, les seves causes i el seu paper en l’ecosistema 
no s’han estudiat mai al mar Català. L’objectiu ge-
neral de la present tesi és entendre els processos 
espacials i temporals que condueixen a formar les 
agregacions de salpes i estimar el seu paper en el 
mar Català, nord-oest del Mediterrani. Per assolir 
aquesta fita, s’han combinat models mecanístics 
(models matricials) i estadístics (GAMs) amb ob-
servacions in situ que ens han permès proposar els 
mecanismes més simples que expliquen el desen-
volupament d’un bloom. Hem vist que canvis en la 
reproducció de les femelles serien els responsables 
del fre del creixement poblacional durant el perío-
de de latència i el detonador del bloom quan les 
condicions es tornen favorables (Capítol 1). Des 
d’un punt de vista espacial, l’abundància local de 
salpes està influenciada principalment per factors 
físics tot i que les variables biològiques juguen un 
paper secundari (Capítol 2). Per primer cop s’ha 
observat la coexistència de patrons diferents de 
migració vertical diària (DVM) en una salpa (mi-
gració diürna i nocturna), la qual cosa explica les 
conclusions contradictòries d’estudis anteriors, 
però obre noves preguntes sobre els mecanismes 
de la DVM en salpes. Les dues especies presents 
en l’estudi produïren impactes tròfics molt di-
ferents: l’impacte de Thalia democratica, va ser 
quasi negligible degut a la seva baixa abundància 
mentre que S. fusiformis va ingerir un màxim de 
69.92 mgC m-2 dia-1 i defecar 35.76 mgC m-2 dia-
1, incrementant considerablement el flux de ma-
tèria orgànica cap a l’oceà profund (Capítol 2). Els 
Salps are marine pelagic tunicates that have 
opportunistic skills to bloom under favorable con-
ditions and persist during adverse periods. They 
experience population outbursts (blooms) which, 
combined with their efficient feeding mechanism, 
produce several ecological and societal conse-
quences. Although salp blooms are common in 
the Catalan Sea during spring and autumn, their 
causes and effects on the ecosystem have never 
been studied in this area before. The general aim 
of the present thesis is to understand the spatial 
and temporal processes leading to salp blooms and 
estimate their trophic impact in the Catalan Sea, 
northwestern Mediterranean Sea. For this purpo-
se, mechanistic (matrix models) and statistical mo-
dels (GAMs) combined with in situ observations 
allowed us to propose the simplest mechanisms 
to account for bloom development. In contrast 
to previous hypotheses, we found that changes 
in female reproduction drive the population to 
latency under unfavorable conditions and trigger 
the bloom when conditions improve (Chapter 1). 
From a spatial scale, hydrodynamic factors mainly 
drove high local salp abundances, although biolo-
gical variables (predator abundance) had secon-
dary importance (Chapter 2). We observed the 
coexistence of contrasting diel vertical migration 
(DVM) patterns in a salp (nocturnal and diurnal 
migrations), which explains controversial conclu-
sions in previous studies, but brings new ques-
tions about the drivers of DVM in salps (Chapter 
3). The two species found produced contrasting 
trophic impacts: Thalia democratica was less 
abundant and its effect on the ecosystem seemed 
to be negligible while, Salpa fusiformis ingested a 
maximum of 69.92 mg C m-2 day-1 and defecated 
35.76 mg C m-2 day-1, contributing to the trans-
port of organic matter to the deep ocean (Chapter 
2). Our findings lead us to consider evolutionary 
demographic studies to understand the potential 
benefits of their life cycle for the adaptability to 
6resultats d’aquesta tesi contribueixen a l’ecologia 
general de les salpes i ens han portat a la necessitat 
de plantejar estudis de demografia evolutiva per 
entendre l’efecte del seu cicle de vida en l’adapta-
ció de la població a canvis ambientals a petita es-
cala temporal i en el manteniment de la variabilitat 
genètica entre períodes de latència-bloom. 
short-time scale environmental changes and the 
mechanisms which maintain genetic variability af-
ter bloom-latency periods.
ABSTRACT
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8GENERAL INTRODUCTION
Fitness: is the degree of reproductive success of a 
genotype relative to that of other genotypes within 
a population (Futuyma, 1988). In predictable en-
vironments, the best way to maximize fitness is to 
invest resources in improving individual competi-
tive traits that increase survival until reproduction 
(i.e., defense structures, feeding strategies or pa-
rental care). Species that exhibit this strategy are 
K-strategists or equilibrium species (Macarthur 
and Wilson, 1967). In contrast, in unpredictable 
environments, it is better to allocate the resources 
to reproduction (i.e., high number of offspring, 
complex life cycle, high growth rates) for fast popu-
lation growth and rapid colonization (r-strategist 
or opportunistic species; Macarthur and Wilson, 
1967). In nature, r- and K- should be endpoints 
of a continuum where species have a combination 
of r/K traits, therefore, this concept should be 
applied in a comparative sense only (Pianka, 1979; 
Adams, 1980; Reznick et al., 2002). Additionally, 
some species can change some of their traits in 
response to varying environmental conditions, for 
instance, shortening generation time (Troedsson 
et al., 2002) or varying offspring number (Lucas, 
2001). Planktonic ecosystems are highly fluctua-
ting environments exposed to small-scale changes 
in temperature, productivity or water column sta-
bility (Boero, 1994) and, consequently, there is a 
dominance of r-strategies.
Blooms: a consequence of the r-strategy in 
marine systems
The consequence of a planktonic species with 
dominance of r- traits is a rapid increase in abun-
dance within a relatively short period of time 
(i.e., hours) which is called a “bloom”. However, 
high densities are not only caused by an actively 
growing population (true bloom) but also a conse-
quence of a passive or active accumulation of the 
individuals in one location (apparent bloom) (Gra-
ham et al., 2001). Therefore, factors driving salp 
Fitness és el grau d’èxit reproductiu d’un geno-
tip relatiu als altres genotips d’una població (Fu-
tuyma, 1988). En ambients predictibles, la millor 
manera de maximitzar el fitness és invertir els re-
cursos en millorar els trets competitius de l’indivi-
du que li permeten sobreviure fins a reproduir-se 
(per exemple, estructures de defensa, estratègies 
d’alimentació o cura parental). Les espècies que 
exhibeixen aquestes característiques s’anomenen 
estrategues de la K o espècies d’equilibri (MacAr-
thur and Wilson, 1967). D’altra banda, en am-
bients impredictibles, és millor dirigir els recursos 
cap a la reproducció (per exemple, molta descen-
dència, cicles de vida curts o altes taxes de creixe-
ment) per tal d’accelerar el creixement poblacional 
i aconseguir una ràpida colonització (estrategues 
de la r o especies oportunistes; Macarthur and 
Wilson, 1967). A la natura, r- i K- s’han de com-
prendre com a extrems d’un continu on les espè-
cies tenen una combinació de trets r/K i, per tant, 
aquest concepte s’hauria d’aplicar tan sols compa-
rativament (Pianka, 1979; Adams, 1980; Reznick 
et al., 2002). A més, hi ha espècies que poden 
variar algun d’aquests trets com a resposta d’un 
canvi en les condicions ambientals, per exemple, 
escurçant el temps de generació (Troedsson et al., 
2002) o variant el nombre de descendents (Lucas, 
2001). Els ecosistemes planctònics són ambients 
molt fluctuants exposats a canvis a petita escala de 
temperatura, productivitat primària o estabilitat de 
la columna d’aigua, conseqüentment, hi predomi-
nen espècies amb caràcters oportunistes.
Blooms: una conseqüència de la estratègia r 
en sistemes marins
La conseqüència de les espècies planctòniques 
amb una dominància de trets r es un ràpid creixe-
ment en abundància en un període de temps 
relativament curt (per exemple: hores), el que 
s’anomena “bloom”. Tot i així, altes densitats d’in-
dividus no només es deuen a creixements actius de 
GENERAL INTRODUCTION / 
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aggregations (e.g., temperature, resource availabi-
lity, presence of predators, fronts or currents) will 
potentially affect biology, behavior and physical 
re-distribution of individuals. Since blooms are 
highly dynamic and occur in a three-dimensional 
environment, studies should focus both on the 
temporal and spatial scales, including the horizon-
tal and vertical dimensions. 
In such a complex scenario, ecological models 
combined with empirical work are required to 
study the processes involved in a bloom (Graham 
et al., 2001). There are two types of models: “em-
pirical” (e.g., simple regression) and “mechanis-
tic” (e.g., matrix models). First, empirical models 
describe trends from a data set using statistical 
tools and they inform whether or not there is a 
relationship between the variable and the parame-
ters. Second, mechanistic models are built from a 
conceptual description of a process and, therefore, 
they give us information about the mechanisms un-
derlying this relationship. Both types are realistic 
although empirical models are more precise while 
mechanistic models allow for more general des-
criptors of a process (Guisan and Zimmermann, 
2000).
Salps: an example of opportunistic species in 
the ocean
Salps (Tunicata) have opportunistic traits 
allowing persistence in the typically unstable oce-
anic environments. They take advantage of favo-
rable conditions to bloom but are also capable of 
enduring hostile periods. Most of these features 
depend on their complex life cycle, which alterna-
tes asexual and sexual phases (Figure 0.1). We can 
group these characteristics in three traits: High 
fecundity, low generation time and high survivor-
ship of their younger stages. High fecundity is 
achieved by asexually producing between tens and 
hundreds of buds per stolon, a number which far 
exceeds reproduction rates of other zooplankton 
grazers (Alldredge and Madin, 1982). At the same 
time, sexual reproduction guarantees maintenance 
of genetic variability and simultaneous protogyny 
doubles the effective population size (Ghiselin, 
1969; Alldredge and Madin, 1982). In addition, 
salps have the lowest generation time among meso-
zooplankton species (46 hours, (Heron, 1972a)). 
This is due to their high individual growth rates 
la població (“bloom vertader”) sinó també a una 
acumulació passiva o activa d’individus en un punt 
(“bloom aparent”) (Graham et al., 2001). Per tant, 
els factors que influeixen als blooms (per exemple: 
temperatura, disponibilitat de recursos, presencia 
de depredadors, fronts o corrents) afectaran po-
tencialment a la biologia, comportament i redis-
tribució física dels individus. Com que els blooms 
són altament dinàmics i tenen lloc en un ambient 
tridimensional, els estudis s’haurien d’enfocar des 
d’un punt de vista temporal i espacial, incloent les 
dimensions horitzontals i verticals.
En aquest escenari complex, l’ús de models 
ecològics combinats amb treballs empírics és ne-
cessari per tal d’estudiar els processos involucrats 
en un bloom (Graham et al., 2001). Hi ha dos ti-
pus de models: “empírics”(per exemple: regressió 
simple) i “dinàmics” (per exemple: models matri-
cials). Els models empírics descriuen la tendència 
de les dades utilitzant eines estadístiques i ens 
diuen si hi ha o no una relació significativa entre 
la variable resposta i un o més factors. Els models 
dinàmics, en canvi, es construeixen a partir d’una 
descripció conceptual d’un procés i, llavors, ens 
donen informació dels mecanismes que hi ha da-
rrere aquesta relació. Els dos tipus són realistes, 
tot i que els empírics són més precisos mentre que 
els dinàmics donen una visió més general del pro-
cés (Guisan and Zimmermann, 2000).
Les Salpes: un exemple d’espècie oportunista 
en l’oceà
Les salpes (Tunicata) tenen característiques 
oportunistes per a perdurar en ambients oceànics 
típicament inestables. Aprofiten les condicions fa-
vorables per proliferar a la vegada que són capaces 
de garantir la persistència de la població davant 
períodes adversos. La majoria d’aquestes carac-
terístiques estan relacionades amb el seu cicle de 
vida complex, el qual alterna una fase asexual i una 
de sexual (Figura 0.1). Podem agrupar aquestes 
característiques en tres trets: Alta fecunditat, baix 
temps de generació i alta supervivència dels esta-
dis juvenils. L’alta fecunditat s’aconsegueix mit-
jançant la reproducció asexual on es produeixen 
d’entre desenes i centenars de clons per estoló, 
un nombre que supera de lluny les taxes de repro-
ducció d’altres espècies de zooplàncton herbívor 
(Alldredge and Madin, 1982). Al mateix temps, la 
10
Figure 0.1. General salp life cycle (example for Thalia democratica): each blastozooid in a chain starts as a female and is impregna-
ted almost immediately after its release. The female becomes male after giving birth to a single, free-swimming juvenile oozooid. 
Once it becomes sufficiently large, the oozooid becomes productive and sequentially releases up to 3 chains of blastozoids (fema-
les), closing the life cycle (Heron, 1987a).
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(up to 28% increase in length per hour in Thalia 
democratica (Le Borgne and Moll, 1986; but see 
Everett et al., 2011) and the absence of any larval 
stage (Alldredge and Madin, 1982). The combi-
nation of high fecundity and low generation time 
leads to an intrinsic rate of increase comparable to 
that of the phytoplankton species (Heron, 1972a). 
Third, the vivipary and maternal nutrition of the 
sexual generation reduces probability of predation 
on embryos which are born with a relative large 
size (Figure 0.2; Heron, 1972a; Braconnot et al., 
1988) and already equipped with early developed 
chains of females (Alldredge and Madin, 1982). 
As opportunistic species, most resources are 
invested in reproductive traits, like the ones exp-
lained above, and less at individual level. However, 
these lasts are precisely optimized resulting the 
simplest but most effective bodies (Figure 0.3). 
Their composition is 95% water content which 
reproducció sexual garanteix el manteniment de la 
variabilitat genètica i la protongínia simultània du-
plica la mida de la població efectiva (Alldredge and 
Madin, 1982; Ghiselin, 1969). A més, les salpes 
poden arribar a tenir els temps de generació més 
baixos d’entre les especies de mesozooplàncton 
(46 hores, (Heron, 1972b)). Això és degut al seu 
ràpid creixement individual ( de fins a un 28% d’in-
crement de talla per hora en Thalia democràtica 
(Le Borgne and Moll, 1986, però mirar Everett et 
al., 2011) i a l’absència d’estadis larvaris (Alldred-
ge and Madin, 1982). La combinació d’alta fecun-
ditat i temps de generació curts fa que les salpes 
tinguin creixement intrínsec poblacional compa-
rable amb el d’espècies de fitoplàncton (Heron, 
1972b). Per últim, la viviparitat i nutrició materna 
en la fase sexual redueix la probabilitat de predació 
dels embrions els quals neixen amb una mida rela-
tivament gran (Figura 0.2; Heron, 1972a, Bracon-
11
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allows reaching large size rapidly and with low 
biomass cost (Madin et al., 1981). Large size may 
allow salps to feed under low food concentrations 
(Acuña, 2001) and -together with transparency 
and barrel shapes- conceal from visual preda-
tors and hinder manipulation, reducing mortality 
(Heron, 1972b; Verity and Smetacek, 1996). 
By rhythmic contractions of their circular muscle 
bands, they create a water flow through their bo-
dies providing the means for respiration, feeding 
and swimming, all entailed in the same energetic 
cost (Heron, 1972b).
not et al., 1988) i ja contenen cadenes de femelles 
en estadi inicial de desenvolupament (Alldredge 
and Madin, 1982).
Com a espècies oportunistes, la majoria dels re-
cursos s’inverteixen en trets reproductius com els 
esmentats prèviament i menys a nivell individual. 
Tot i així, l’energia destinada a l’individu és opti-
mitzada de tal manera que dóna lloc a cossos sim-
ples però altament efectius (Figura 0.3). El contin-
gut d’un 95% d’aigua del seu cos els permet assolir 
un gran volum ràpidament i amb baixa despesa en 
biomassa (Madin et al., 1981). Tenir un gran vo-
Efects of salp outbreaks
Salp blooms can exert notorious grazing impact 
(Zeldis et al, 1995; Dubischar and Bathmann, 
1997), which could effectively outcompete other 
filter feeders and alter the structure of the food 
web (Loeb et al., 1997). This is mainly because the 
high salp abundance is combined with its efficient 
feeding mechanism. The intermittent jet pulses 
and their flexible barrel shaped bodies let salps to 
continuously filter large volumes of water while 
swimming. They use a mucus peripharyngeal net 
(Figure 0.4) to retain particles comprising phyto-
plankton and heterotrophic microplankton (Var-
gas and Madin, 2004; Madin et al., 2006). Indeed, 
lum pot permetre a les salpes filtrar grans volums 
d’aigua i així ser capaces d’alimentar-se sota baixes 
concentracions d’aliment (Acuña, 2001). Al ma-
teix temps, la gran mida, juntament amb la forma de 
barril, podria dificultar la manipulació i el seu cos 
transparent podria ser un avantatge per amagar-se 
dels depredadors visuals, reduint així la mortalitat 
(Heron, 1972a; Verity and Smetacek, 1996). Mit-
jançant contraccions rítmiques de les seves bandes 
musculars circulars, creen un flux d’aigua a través 
del seu cos que els permet respirar, menjar i nedar 
amb els mateix cost energètic (Heron 1972b).
Efectes dels blooms de salpes
Els blooms de salpes poden produir un impacte 
Figure 0.2. T. democratica 
blastozooid carrying an em-
bryo. From a sample collected 
at Barcelona on 19/5/2014.
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Figure 0.3. Schematic draw of T. democratica female (bastozooid) isolated from the chain. All body parts indicated are also present 
in the solitary form, except for the embryo.
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they are considered generalists feeders but the 
structure of their filtering nets captures particles 
of about 3-4 microns with high efficiency (Kre-
mer and Madin, 1992; Madin and Kremer, 1995; 
Hereu et al., 2006), although they can also retain 
submicrometer particles (Sutherland et al., 2010). 
Comparatively, filtering rates of the largest salps 
(e.g., Salpa cylindrica; 5131 ml ind-1 h-1 (Madin et 
al., 1981)) can be much higher than rates of other 
mesozooplankton species like copepods (e.g.,. 
Acartia tonsa; 76 ml ind-1 day-1 (Saiz and Kiorboe, 
1995)). In addition, salp outbreaks signify an in-
crease in food availability for their predators inclu-
ding fish, crustaceans or medusa (Harbison, 1998, 
Henschke et al., 2016), representing an energy 
shunt from ultraplankton to higher trophic levels 
(Deibel, 1985).
Salp excretion may enrich the surrounding water 
with ammonium and enhance primary production 
(Alldredge and Madin, 1982). Moreover, through 
their high defecation rates and their sinking dead 
bodies, salps export particulate organic carbon 
d’herbivoria notable (Zeldis et al., 1995; Dubis-
char and Bathmann, 1997), desplaçant a altres 
filtradors i alterant l’estructura de la cadena tròfica 
(Loeb et al., 1997). Aquest efecte es deu a la com-
binació de grans abundàncies amb un mecanisme 
d’alimentació altament eficient. El seu cos flexible 
en forma de barril i de pulsacions intermitents els 
permet filtrar aigua contínuament mentre neden. 
Utilitzen l’anomenada xarxa perifaríngea (Figura 
0.4) per retenir partícules de fitoplàncton i tam-
bé de microplàncton heterotròfic (Madin et al., 
2006). De fet, són considerat generalistes però 
l’estructura del seu filtre fa que siguin més eficients 
filtrant mides de més de 3-4 micres (Kremer and 
Madin, 1992; Madin and Kremer, 1995; Hereu et 
al., 2006), tot i que també poder retenir mides in-
feriors a una micra (Sutherland et al., 2010). Com-
parativament, les seves taxes de filtració (per exem-
ple: Salpa cylindrica; 5131 ml ind-1 h-1 (Madin et 
al., 1981)) poden ser molt més elevades que les 
d’altres espècies de mesozooplàncton (per exem-
ple:  Acartia tonsa; 76 ml ind-1 day-1 (Saiz and Kior-
13
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(POC) to the deep ocean, thus contributing to the 
“biological pump” (Wiebe et al., 1979; Phillips 
et al., 2009; Gleiber et al., 2012; Lebrato et al., 
2012; Turner, 2015; Henschke et al., 2016). 
They continuously egest compact fecal pellets with 
high carbon content (Gleiber et al., 2012) and 
sinking velocities which are faster (43.5 - 1167.6 
m day-1) than these of copepods (26.5 - 159.5 m 
day-1) or euphausids (16.1 - 341.1 m day-1) (Yoon 
et al., 2001). In some species, carbon transport is 
active, through diel vertical migration leading to 
boe, 1995)). A més, les agregacions de salpes po-
drien significar un augment de l’aliment disponible 
per a nombrosos depredadors com serien peixos, 
crustacis o meduses (Harbison, 1998; Henschke 
et al., 2016), representant una transferència di-
recta d’energia de l’ultraplàncton a nivells tròfics 
superiors (Deibel, 1985).
L’excreció de les salpes possiblement enriqueix 
amb amoni l’aigua circumdant, afavorint la produc-
ció primària (Alldredge and Madin, 1982). A més, 
amb les altes taxes de defecació i la sedimentació 
defecation at greater depths (Wiebe et al., 1979; 
Turner, 2015). On the other hand, in a senescent 
bloom, high mortality events generate a massive 
drop of death bodies which take part of the so called 
“Jelly-fall” phenomenon (Lebrato et al., 2012). 
This organic matter input to deep waters may re-
present a significant food source for both pelagic 
and benthic species (Henschke et al., 2016). In 
conclusion, salp blooms may play a relevant role 
in most oceans, especially in areas with seasonally 
high primary production like the northwestern Me-
dels cossos que moren exporten carboni orgànic 
particulat (POC) cap a l’oceà profund, contribuint 
així a la “bomba biològica” (Wiebe et al., 1979; 
Phillips et al., 2009; Gleiber et al., 2012; Lebra-
to et al., 2012; Turner, 2015; Henschke et al., 
2016). Contínuament produeixen paquets fecals 
rics en carboni i amb velocitats de sedimentació 
(43.5 - 1167.6 m dia-1) més elevades que les dels 
de copèpodes (26.5 - 159.5 m dia-1) o eufausiacis 
(16.1 - 341.1 m dia-1) (Yoon et al., 2001). En algu-
nes espècies, el transport de carboni també pot ser 
Figure 0.4. Peripharyngeal net of Pegea confederata from Sutherland et al. ( 2010). Scale bar corresponds to 1 µm. 
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diterranean Sea.
Salp aggregations in the Catalan Sea
 Salps are generally less studied and often consi-
dered less relevant than other zooplankton groups 
like copepods, probably because crustaceans are 
more abundant and easy to collect and maintain in 
the laboratory (Alldredge and Madin, 1982; Hens-
chke et al., 2016). However, salps cause frustra-
tion among scientists when they clog the nets du-
ring scientific surveys. Salp blooms issues are also 
extended to other levels, for instance, collapsing 
fishing nets or blocking the seawater vacuum sys-
tem filters in energy plants.
Existing studies of salps in the northwestern 
Mediterranean Sea were carried in the area of Vi-
llefranche-sur-mer and revealed that salps usually 
appear in spring and autumn after the seasonal 
phytoplankton blooms (Braconnot, 1963; Nival 
et al., 1990; Gorsky et al., 1991; Ménard et al., 
1994; Licandro, 2006). The most frequent and 
abundant species are T. democratica and Salpa fu-
siformis (Figure 0.5), although other species can 
be found with less frequency and abundance such 
as Pegea confederata (Andersen et al., 1998), Il-
hea punctata, Salpa maxima (Braconnot, 1973) 
or Pegea bicaudata (personal observation).
Salp blooms are also a common phenomenon in 
the Catalan Sea, being well known among fisher-
men who name it “gleix” (in Cap de Creus) or “lle-
pó” (in Palamós). Indeed, fishermen assume that 
during some days in spring the fishing efficiency 
will be reduced due to jelly clogging of their nets. 
Salps can be sporadically found stranded on our 
beaches in spring and autumn and have also been 
reported blocking the seawater vacuum system 
of power plants in the Catalan coast. Despite the 
evidences and consequences of salp blooms, their 
causes and effects in the ecosystem have never 
been studied in this area before.
Thesis outline
The general aim of the present thesis is to un-
derstand the processes involved in salp blooms 
both in time (Chapter 1) and space (Chapter 2 and 
Chapter 3) and to estimate their trophic impact in 
the Catalan Sea, northwestern Mediterranean Sea. 
From a temporal perspective, we analyzed the en-
vironmental drivers of salp population dynamics 
actiu mitjançant migracions verticals diàries, fent 
que la defecació es produeixi a major profunditat 
(Wiebe et al., 1979; Turner, 2015). Per altra ban-
da, en un bloom en estat de senectut, l’alta mortali-
tat genera una caiguda massiva de cossos morts do-
nant lloc al fenomen anomenat “jelly-fall” (Lebrato 
et al., 2012). Aquesta entrada de matèria orgànica 
a les profunditats pot representar una aportació 
d’aliment significatiu tan per espècies pelàgiques 
com bentòniques (Henschke et al., 2016). En re-
sum, les agregacions de salpes poden jugar un pa-
per rellevant en la majoria d’oceans, especialment 
en àrees amb pics de producció primària estacional 
com en el nord-oest del Mediterrani. 
Blooms de salpes al mar Català
Les salpes estan generalment menys estudiades i 
sovint considerades menys importants que d’altres 
grups de zooplàncton com els copèpodes, proba-
blement perquè els crustacis són més abundants i 
fàcils de recol·lectar i mantenir al laboratori (All-
dredge and Madin, 1982; Henschke et al., 2016). 
Tot i així, les salpes tenen fama entre científics 
quan generen frustració al col·lapsar les xarxes de 
mostreig. Les conseqüències dels blooms de salpes 
també arriben a d’altres nivells com, per exemple, 
col·lapsant les xarxes de pesca o bloquejant els 
conductes de captació d’aigua per a refrigeració en 
centrals energètiques.
Els estudis existents de salpes al nord-oest 
del Mediterrani, tots duts a terme a Villefran-
che-sur-mer, revelen que els bloom són a primave-
ra i tardor després del de fitoplàncton (Braconnot, 
1963; Nival et al., 1990; Gorsky et al., 1991; Mé-
nard et al., 1994; Licandro, 2006). Les espècies 
més freqüents són Thalia democratica i Salpa fu-
siformis (Figura 0.5), tot i que també se’n poden 
trobar d’altres esporàdicament, com Pegea con-
federata (Andersen et al., 1998), Ilhea punctata, 
Salpa maxima (Braconnot, 1973) or ok (observa-
ció personal).
Els blooms de salpes també són habituals al mar 
Català, coneguts entre els pescadors com a “gleix” 
(a Cap de Creus) o “llepó” (a Palamós). De fet els 
mateixos pescadors assumeixen que durant pri-
mavera l’eficiència pesquera es pot veure reduïda 
degut a la saturació de la xarxa per la massa gelati-
nosa. Les salpes poden trobar-se esporàdicament 
varades a la platja i han causat problemes en el sis-
15
INTRODUCCIÓ GENERAL
and the key stages responsible for triggering their 
blooms and maintaining the population under un-
favorable conditions (Chapter 1). Second, from a 
spatial perspective, we analyzed the correlation of 
salp aggregations with local physical and biologi-
cal conditions and the potential trophic impact of 
a bloom in the Catalan Sea (Chapter 2). Third, we 
studied the vertical migration behavior of salps in 
this area (Chapter 3). 
Chapter 1: “Environmental drivers of popu-
lation dynamics in the salp Thalia democratica 
from in situ, short-term observations”
This chapter is focused on determining the envi-
ronmental factor/s (temperature or/and chloro-
phyll concentration) that better explain changes in 
tema de captació d’aigua d’una central elèctrica de 
la costa catalana recentment. Tot i les evidencies i 
les conseqüències dels blooms de salpes, les seves 
causes i efectes en l’ecosistema mai han estat ava-
luats per a aquesta zona abans.
Objectius de la tesi
El propòsit general d’aquesta tesi és entendre 
quins són els processos involucrats en els blooms 
de salpes en el temps (Capítol 1) i en l’espai (Ca-
pítol 2 i 3), així com estimar el seu impacte tròfic 
en el mar Català, nord-oest del Mediterrani. Des 
d’una perspectiva temporal, hem analitzat els fac-
tors claus en la dinàmica de poblacions i els estadis 
del cicle de vida responsables de disparar el bloom 
i mantenir la població en condicions desfavorables 
Figure 0.5. Pictures and schematic draws of the species studied in the present thesis. (a) T. democratica oozooid; (b) S. fusiformis 
oozooid; (c) T. democratica blastozooid; and (d) S. fusiformis blastozooid.
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population dynamics of the salp Thalia democrati-
ca. We address this goal by combining a stage-spe-
cific matrix model with empirical modelling of the 
transition matrix elements. We obtained data to fit 
the model from eight surveys based on short-time 
series observations, each survey under different 
environmental conditions. Moreover, monthly 
samplings were also done during that time to have 
a temporal perspective. Both types of sample co-
llection were conducted in Cadaqués and Barce-
lona during 2013 and 2014. This approach not 
only allowed us to describe population dynamics in 
each environmental situation but also to determi-
ne the role of the different stages during periods 
of active population growth or during population 
latency.
Chapter 2: “Spatial distribution of salps and 
their trophic impact in the Catalan Sea, nor-
thwestern Mediterranean”
This chapter is focused on analyzing the speci-
fic composition and the mesoscale distribution of 
salps in the Catalan Sea during the “FishJelly” crui-
se in June 2011. This is the first mesoscale study 
done on salps in the northwestern Mediterranean 
Sea. We used a Geographical Information System 
(GIS) and empirical models (GAM) to answer how 
the spatial patterns are governed by local physical 
(temperature, salinity, depth, currents) and biolo-
gical (chlorophyll-a concentration and zooplank-
ton and Pelagia noctiluca ephyrae abundances) 
conditions. Last, we inferred ingestion and defe-
cation rates to estimate the trophic impact of salp 
aggregations in the Catalan Sea. 
Chapter 3: “Contrasting diel vertical migra-
tion patterns in Salpa fusiformis populations”
Previous literature about diel vertical migration 
(DVM) in S. fusiformis revealed a behavioral range 
from nocturnal migration, through no migration 
to diurnal migration. To determine which of those 
alternatives applies to this species in the Catalan 
Sea, we conducted vertically stratified samplings 
during the Fishjelly cruise in June 2011, where 
we considered both population structure and wa-
ter column characteristics in the context of vertical 
migration.
(Capítol 1). Des d’un punt de vista espacial hem 
analitzat la relació entre les agregacions de salpes 
i les condicions físiques i biològiques locals, així 
com  l’impacte tròfic d’un bloom al mar Català 
(Capítol 2). Finalment, hem estudiat el comporta-
ment de migració vertical en les especies de salpes 
trobades a la zona (Capítol 3).
Capítol 1: “Factors claus en la dinàmica de 
poblacions de la salpa Thalia democratica a par-
tir de observacions in situ a curt termini”
Aquest capítol vol determinar els factors ambien-
tals (temperatura i/o concentració de clorofil·la) 
que expliquen millor els canvis en la dinàmica 
poblacional de T. democratica. Per tal d’assolir 
aquest objectiu, hem combinat un model matricial 
classificat per estadis amb models empírics de cada 
un dels elements de la matriu de transició.  Aquest 
model s’ha ajustat a observacions fetes a partir de 
vuit mostrejos basats en series temporals a petita 
escala, cada un en diferents condicions ambien-
tals. A més, també s’han dut a terme mostrejos 
mensuals per a tenir una perspectiva temporal més 
amplia. Els dos tipus de mostreig es van dur a ter-
me a Cadaqués i Barcelona durant els anys 2013 
i 2014. Aquest enfocament no només ens ha per-
mès descriure la dinàmica de la població en cada 
condició ambiental sinó que hem pogut determi-
nar el paper dels diferents estadis durant els períodes 
de creixement actiu i latència.
Capítol 2: “Distribució espacial de salpes i el 
seu paper en el mar Català, nord-oest del Medi-
terrani”
Aquest capítol se centra en analitzar la compo-
sició específica i la distribució de salpes a nivell 
de mesoescala en el mar Català durant la campan-
ya “Fishjelly” que va tenir lloc al Juny de 2011. 
Aquest es el primer estudi a escala regional fet en 
salpes al nord-oest del Mediterrani. A través de 
sistemes d’informació geogràfica (GIS) i models 
empírics (GAM) hem pogut respondre com els 
patrons espacials estan influenciats per les condi-
cions físiques (temperatura, salinitat, profunditat, 
corrents) i biològiques (concentracions de clorofi-
l·la, zooplàncton i depredadors) locals. Per últim, 
hem estimat la taxa d’ingestió i defecació per de-
terminar quin és l’impacte tròfic de les agregacions 
de salpes al mar Català.
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Capítol 3: “Diferents patrons de migració 
vertical diària de Salpa fusiformis”
Treballs previs sobre el fenomen de migració 
vertical diària en S. fusiformis presenten resul-
tats oposats mostrant migració nocturna, diürna i 
no-migració. Per determinar quin d’aquests com-
portaments s’atribueix a aquesta espècie en el mar 
Català es van dur a terme mostrejos estratificats 
verticals durant la campanya “Fishjelly” 2011. Es 
van considerar tant l’estructura de la població com 
les condicions de la columna d’aigua.
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CHAPTER 1
ENVIRONMENTAL 
DRIVERS OF THE 
POPULATION 
DYNAMICS OF 
THE SALP THALIA 
DEMOCRATICA 
FROM IN SITU 
OBSERVATIONS
Maria Pascual, Michael G. Neubert, José 
Luis Acuña, Andrew R. Solow, Carlos 
Dominguez-Carrió, Verónica Fuentes ABSTRACT
Thalia democratica blooms are a recurrent phe-
nomenon in many coastal areas of the Mediterra-
nean Sea and have significant ecological effects. 
To better understand the environmental drivers of 
salp blooms, we conducted 8 surveys to sample T. 
democratica in contrasting seasonal, temperature 
and chlorophyll conditions. At each survey, short-
term variations in the abundances of different salp 
stages were assessed by sampling the same popu-
lation at 30-minute intervals. With these data we 
estimated the parameters in a set of stage-classified 
matrix population models representing different 
assumptions about the influence of temperature 
and chlorophyll on each stage. In the model that 
best explains our observations, only females are 
affected by changes in water temperature. Whe-
ther this is a direct influence of temperature or 
an indirect effect reflecting low food availability, 
female reproduction cessation slows population 
growth under unfavorable conditions. When con-
ditions become favorable again, females liberate 
the embryo and change sex to male, allowing for 
mating under extremely low salp density and trig-
gering the bloom. Our results suggest that slowly 
growing females, rather than oozooids, are res-
ponsible to sustain salp populations during latency 
periods.
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INTRODUCTION
Salps are pelagic tunicates that feed on phyto-
plankton in many of the world’s seas. Salp blooms 
are common in most oceans and have important 
ecological consequences. They generate episodic 
but intense downward fluxes of faecal pellets and 
dead bodies (Wiebe et al,. 1979; Duggins, 1981; 
Fortier et al.; 1994; Perissinotto and Pakhomov, 
1998; Lebrato et al., 2012; Henschke et al., 
2013; Smith et al., 2014) and serve as prey and/
or hosts for many pelagic and benthic organisms 
(Harbison, 1998; Henschke et al. 2013; O’Rorke 
et al., 2015; Henschke et al. 2016). Salp blooms 
can have important economic impacts as well. High 
salp densities can negatively impact fish farms 
(Giesecke et al., 2014), clog the cooling systems 
of power plants, and potentially reduce tourism 
due to their jellyfish-like appearance (Boero et al., 
2013). These effects explain the growing interest 
in the mechanisms that drive salp blooms.
Salp populations exhibit “boom and bust” cycles 
due to the alternation between an asexual solitary 
stage (oozooid) and a sexual aggregated stage 
(blastozooid) over their life cycle (Figure 0.1). The 
particularities of this cycle, combined with high in-
dividual growth rates (up to 28% in length per hour 
(Le Borgne and Moll, 1986; but see Everett et al. 
, 2011)), allows for very short generation times 
(approximately 2 days; Heron, 1987b) and large 
intrinsic rates of population increase (Alldredge 
and Madin, 1982). 
The survival and growth rates that determine 
the rates of salp population growth have been es-
timated in several laboratory studies (e.g., Heron, 
1972a; Deibel, 1982; Braconnot et al., 1988; 
Madin and Purcell, 1992). These estimates are 
highly variable and far from those obtained in the 
field (Heron and Benham, 1984; Madin and Dei-
bel, 1998). Thus, direct observation seems to be 
the best approach to determine growth and survival 
rates (Heron, 1972a, 1972b, Heron and Benham, 
1984, 1985; Le Borgne and Moll, 1986; Tsu-
da and Nemoto, 1992; Loeb and Santora, 2012) 
since it avoids aquaria artifacts. However, Everet 
et al. (2011) concluded that the high growth rates 
stimated by cohort tracking would lead to unrealis-
tic nitrogen demands, which suggests they might 
be overstimated.
Field observations suggest that low temperatu-
re and high food availability lead to an increase in 
salp abundance (Heron and Benham, 1985; An-
dersen and Nival, 1986; Lavaniegos and Ohman, 
2003; Licandro, 2006; Deibel and Paffenhöfer, 
2009; Henschke et al., 2014). Much less eviden-
ce is available to explain how populations persist 
under unfavorable conditions, when temperature 
is relatively high and food availability is low. Based 
on field observations, Heron and Benham (1985) 
postulated that, in latent low-density populations 
of Thalia democratica, oozooids grow slowly, nur-
sing chains of blastozooids that will release under 
favourable conditions.
Recently, Henschke et al. (2015) built a popu-
lation dynamic model for T. democratica in which 
the vital rates were constant and based on publi-
shed laboratory or field estimates. Since vital ra-
tes may vary with oceanographic conditions, the 
stage-classified model should include environ-
ment-dependent transition rates. In this regard, 
several differential equation models supported that 
chlorophyll and/or temperature are sufficient dri-
vers to describe salp population dynamics (Ander-
sen and Nival, 1986; Henschke et al., 2015).
The goal of the present study is to evaluate how T. 
democratica population dynamics change under di-
fferent environmental conditions. For this purpo-
se, we conducted short time series surveys around 
different T. democratica blooms under contrasting 
environmental conditions and used these observa-
tions to fit temperature- and chlorophyll- depen-
dent stage-classified matrix models. Our main fin-
dings contrast with a previous hypothesis (Heron 
and Benham, 1985) that pointed to the asexual sta-
ge as responsible for latency periods: females limit 
their reproduction under unfavorable conditions, 
which in turn lowers the population growth rate. 
When favorable conditions appear again, females 
liberate the embryo and become male, allowing for 
mating under low salp density and triggering the 
bloom.
MATERIALS AND METHODS
Sampling area
All sampling stations were located in the Cata-
lan Sea, in NW Mediterranean. The most relevant 
hydrographical structure in this area is the density 
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front produced by differences in salinity between 
coastal and oceanic waters. Associated with this 
shelf-slope front, a current flowing southwards is 
formed (Font et al., 1988). Catalan coastal waters 
can be considered oligotrophic, although addi-
tional nutrient sources (such as river runoff) turn 
them into a more productive area than the open sea 
(Saiz et al., 2014). Primary production in the NW 
Mediterranean sea exhibits a strong seasonality, 
mainly forced by changes in surface temperature 
(Duarte et al., 1999). Vertical mixing is produced 
as a result of winter cooling and, consequently, 
deep-sea nutrients enrich the photic zone. In early 
spring, phytoplankton blooms occur when surface 
waters begin warming and a thermocline is formed 
Figure 1.1. Map of the study locations: Cadaqués, located in the Cap de Creus (42 º 18.575 ’ N, 3 º 19.321 ’ E) and Barcelona, in 
the Central coast (41 º 20.844 ’ N, 2 º 17.888 ’ E).
in the water column. A second and smaller rise in 
phytoplankton productivity takes place in autumn, 
when vertical mixing occurs again (Estrada, 1996).
Two locations (both were approximately one mile 
from the shore) were selected for the surveys. The 
first sampling site, Cadaqués (42 º 18.575 ’ N, 3 
º 19.321 ’ E), is located in front of Cap de Creus, 
an area where the continental shelf is particularly 
narrow and oceanic waters exert a strong influen-
ce. In contrast, the second sampling site, Barce-
lona (41 º 20.844 ’ N, 2º 17.888 ’ E), is located 
in an area with a wider continental shelf, where the 
shelf-slope front is relatively far from shore (Figure 
1.1).
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Sample collection
Monthly time series- To determine the pattern of 
temporal variation of T. democratica populations, 
we conducted time-series surveys in both locations 
where monthly samples were collected during 
2013 and 2014. Temperature and salinity profiles 
were obtained by deploying a CTD down to 20 m 
depth. Chlorophyll-a concentrations were measu-
red in water samples obtained using a 5 L Niskin 
bottle. Zooplankton samples were collected using 
a Bongo net (40 cm diameter, 300 µm mesh size), 
obliquely towed for 10 minutes from 10 m depth 
to the surface. Sampling deeper layers or at certain 
times of the day was unnecessary since T. democra-
tica is considered a non-migrant species and main-
ly occurs in surface waters (Heron, 1972b; Tsuda 
and Nemoto, 1992). Samples were preserved in 
5% formalin immediately after being collected.
Short time-series observations- When salps were 
easily recognizable in the first zooplankton sample 
of each monthly visit, we carried out the short-ti-
me series sampling methodology. From that point 
until the end of the bloom, we increased the sam-
pling frequency provided that weather conditions 
allowed. Following Heron (1972b), each survey 
comprised 6 consecutive hauls, performed at 30 
minute intervals, tracking a WOCE drifting buoy 
(Hansen and Poulain, 1996). Each haul started 
near the buoy that followed surface waters, thus 
tracking the salp population. If salp density was 
high enough to collapse the bongo net cod ends, 
towing time was reduced to 5 minutes. CTD and 
Niskin bottles were deployed near the drifting 
buoy after plankton samples were collected, as 
was also the case for the monthly surveys (i.e., 3−4 
hours after sampling had begun). Both samplings 
were carried out during the day avoiding dusk and 
dawn since it can affect salp distributions (Heron, 
1972b).
Sample analyses
Salps efficiently retain particles above 2−3 µm 
in size (Kremer and Madin, 1992; but see Suther-
land et al., 2010). To obtain an estimation of the 
concentration of phytoplankton available to salps, 
water samples were size-fractionated through 3 µm 
WHATMAN polycarbonate filters and glass fiber 
GF/F filters (0.45 µm). Chlorophyll-a was extrac-
ted from those filters during 24 h at 4 ºC using 90 
% acetone (Venrick and Hayward, 1984). Fluores-
cence of the acetone solution was measured using 
a fluorometer (Turner Designs, Sunnyvay, CA). 
Finally, we only considered total chlorophyll-a 
concentrations since total chlorophyll-a rendered 
a better model fit and both size fractions were hi-
ghly correlated (Spearman’s coefficients higher 
than 0.7). This better fit is in agreement with the 
capability of salps to retain submicrometer parti-
cles (Sutherland et al., 2010).
T. democratica individuals were identified, sepa-
rated from the original sample, and then scanned 
using a Zooscan (Grosjean et al., 2004; Figure 
1.2). Individuals were measured from the posterior 
ridge of the gut until the opening (Foxton, 1966) 
Figure 1.2. Picture of the Zoos-
can system which consists of a 
watertight chamber where the 
zooplankton sample can be placed 
and scanned without damaging 
the sample.
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using Image J software (Abramoff et al., 2004), 
measuring up to a maximum of 1000 individuals 
each of blastozooids and oozooids. The number of 
buds per chain was also counted -up to a maximum 
of 50 oozooids per survey- only when the oldest 
chain was clearly distinguished from the stolon 
(Henschke et al., 2014). These values were used 
to determine the maximum and minimum number 
of buds per chain in the models.
Individuals were classified in four stages depen-
ding on the blastozoid / oozooid form and size as 
described in Henschke et al. (2015), after applying 
a 10 % shrinkage correction due to the effects of 
formalin (Heron et al., 1988). Size ranges were ad-
justed to our observations, adapting previous par-
titions to actual data from the population sampled. 
For example, the maximum length measured for a 
blastozooid carrying an embryo was 7 mm and oo-
zooids containing a developed chain reached len-
gths of 8 mm, measures similar to those found in 
other studies on T. democratica in the Mediterra-
nean Sea (e.g., Braconnot and Jegu, 1981).There-
fore, we classified individuals as: female (F, blasto-
zooid, size range: 1 − 7 mm), male (M, blastozooid, 
size range: > 7 mm), juvenile oozooid (J, oozooid, 
size range: 3 − 8 mm) and productive oozooid (PO, 
oozooid with size range > 8 mm). The density of 
individuals (ind hm-3) in each stage was calculated 
by dividing its abundance by the total volume of wa-
ter filtered. When blastozooids or oozooids exceed 
1000 individuals, we multiplied their relative size 
frequencies by the total density of individuals to 
obtain the stage density. One individual count was 
added to all samples prior calculating the density 
values to avoid logarithms of zero in the parameter 
estimation procedure.
Model construction and parameter estimation
We modelled the population dynamics of T. de-
mocratica using a stage-classified matrix model 
based on the life cycle as represented in Figure 
1.3). First, we classify all individuals in the popu-
lation at time t as either female (Ft), male (Mt), ju-
venile oozooid (Jt) or reproductive oozooid (POt), 
and gather the counts of the classified individuals 
into a vector representing the population stage 
Figure 1.3. Life cycle flows under (a) high temperature and (b) low temperature following the selected model. Life stages are indi-
cated by F (Females), M (males), J (juvenile oozooids) and PO (productive oozooids). PF , PM , PJ , PPO are probabilities to remain in 
their corresponding stage and GF and GJ are the probabilities to become male and productive oozooid, respectively. Dashed lines 
indicate reproductive flows (RJ , RPO and RF ); thin dark and light grey arrows show temperature-dependent and constant fluxes, 
respectively; and thick dark grey arrows indicate fluxes that increase in each scenario.
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Ft+1
Mt+1
Jt+1
POt+1
=
eEF 0 0 0
0 eEM 0 0
0 0 eEJ 0
0 0 0 eEPO
PF 0 R J R PO
GF PM 0 0
RF 0 PJ 0
0 0 GJ PPO
Ft
Mt
Jt
POt
    (Eq.2) 
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distribution at time t. The model projects the sta-
ge distribution from time t to time t+1 via matrix 
multiplication:
Ft+1
Mt+1
Jt+1
POt+1
 = 
PF 0 R J R PO
GF PM 0 0
R F 0 PJ 0
0 0 GJ PPO
Ft
Mt
Jt
POt
.      (Eq.1) 
 
(Eq. 1)
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The entries in this matrix correspond to the rates 
of the transitions illustrated in Figure 1.3. PM and 
PPO are the survival rates for males and producti-
ve oozooids. Females at time t either survive and 
remain female (with probability PF), or grow and 
become male (with probability GF), or die. Since 
a female sheds a juvenile oozooid and becomes a 
male simultaneously, RF=GF. PJ and GJ are the pro-
bability that an oozooid remains a juvenile and the 
probability it grows to become a productive oo-
zooid, respectively. RJ and RPO give the rate of pro-
duction of new females by juvenile and productive 
oozooids (we assume reproduction is a birth-flow 
process sensu Caswell (2001)).
In general, each of these transitions, and so each 
of the positive elements of the transition matrix, 
may depend on temperature (T), or chlorophy-
ll concentration (chl), or both. We incorporate 
these potential environmental effects through the 
parametric models listed in Table 1.1. For exam-
ple, PM represents the male survival probability to 
the following time step. Thus, it consists of two 
potential alternatives (to survive or not) and is 
accordingly modelled by a binomial logistic func-
tion. In contrast, PF represents the probability of 
an event—remaining female—among a set of three 
different possibilities: to die, to remain in the same 
state, or to grow and become a male. Accordingly, 
a multinomial logistic function was used. Note that 
GF represents the probability of a different event—
to grow to male—among exactly the same set of 
possibilities as in PF. Blastozooid production (RPO 
and RJ) include a mean oozooid fecundity term ( f
) and a mean newborn blastozooid survival term (
S ) within the same time interval since oozooids 
produce chains continuously. To comport with 
our observations, the minimum (fmin) and maxi-
mum (fmax) number of blastozoids per oozooid 
were constrained between 14 (one chain with only 
14 blastozooids) and 258 (3 chains with up to 68 
blastozooids per chain).
The general model (Eq. 1) involves a total of 25 
parameters. Different restrictions on these para-
meters correspond to different hypotheses about 
the role of temperature and chlorophyll in the 
population dynamics of different life stages of T. 
democratica (see life cycle illustrated in Figure 
1.3). To select among these hypotheses, we fit a 
total of 48 models. These models correspond to 
combinations of temperature-dependence only, 
chlorophyll-dependence only, and both tempera-
ture- and chlorophyll-dependence operating on all 
16 possible combinations of life stages (see Annex 
Table A.1).
To estimate the parameters in this model, we must 
incorporate stochasticity that describes how variabi-
lity in the data arose. Dennis et al. (1995) described 
the statistical advantages of adding noise on the log 
scale. Doing so transforms Eq. 1 to:
where the vector [E
F
,E
M
,E
J
,E
PO
] has a multivariate 
normal distribution with zero mean and varian-
ce-covariance matrix ∑. On the log scale we then 
have
ln(Ft+1) = ln(PF Ft + RJ Jt + RPO POt) + EF        (Eq. 3)
ln(Mt+1) = ln(GF Ft + PM Mt) + EM          (Eq. 4)
ln(Jt+1) = ln(RF Ft + PJ Jt) + EJ          (Eq. 5)
ln(POt+1) = ln(GJ Jt + PPO POt) + EPO           (Eq. 6)
We fit the models described by Eq. (3)–Eq. 
(6) and Table A.1 (see Annex) by nonlinear least 
squares. We compared models using the cross-va-
lidated one-step prediction errors of the log-trans-
formed population counts. Cross-validation is 
commonly used in comparing models, like those in 
Table A.1 (see Annex), that differ in the number 
of fitted parameters (Claeskens and Hjort, 2008). 
Otherwise, using non-cross-validated sum of squa-
red prediction errors would tend to favor models 
with more parameters. We then used the selected 
model to estimate the transition matrix, the po-
pulation growth rate (λ) and the elasticity matrix 
for selected environmental conditions. We cons-
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Table 1.1. Dependence of matrix elements (cf. Eq. 1) on temperature (T) and chlorophyll concentration (chl) by means of binomial 
or multinomial functions. f  is the fecundity or number of blastozooids produced by an oozooid and S0  is the survival of the new born 
blastozooids until the start of the next time interval. Note that α, β, δ, γ, ε, and are model parameters. Transition matrix elements 
meaning are explained in Figure 1.3.
tructed approximate 0.95 confidence intervals for 
the fitted values of the stage counts conditional on 
the initial counts by the percentile bootstrap me-
thod based on 200 bootstrap samples of the resi-
duals from the fitted model (Efron and Tibshirani, 
1993). λ was calculated as the first eigenvalue of 
the transition matrix, and reflects the long-term 
behaviour of the population under constant con-
ditions. The population decreases exponentially 
when 0<λ<1 and increases when λ>1. The elasti-
city of λ with respect to one of the matrix elements 
indicates the proportional contribution of this 
matrix element to λ, and was computed following 
standard methods (Caswell, 2001).
RESULTS
The temperature range in Barcelona was wider 
than in Cadaqués (12.2−24.9 ºC vs. 11.6−23.7 
ºC), while total chlorophyll-a concentrations 
were slightly lower in Barcelona (0.07−1.03 vs. 
0.07−1.25 µg L-1; Figure 1.4). But, overall, en-
vironmental conditions were similar, which allows 
us to consider both locations as survey replicates. 
T. democratica appeared from May to June-July, 
and between September and October in years 
2013 and 2014 (Figure 1.4). Higher abundances 
were recorded in Cadaqués during spring time. T. 
25
Fi
gu
re
 1.
4. 
Te
mp
or
al 
ev
ol
ut
io
n d
ur
in
g 2
01
3 a
nd
 20
14
 of
 en
vir
on
me
nt
al 
pa
ra
me
ter
s a
nd
 T
. d
em
oc
ra
tic
a p
op
ul
ati
on
s i
n C
ad
aq
ué
s a
nd
 B
ar
ce
lo
na
. T
em
pe
ra
tu
re
 ar
e i
n s
ol
id
 lin
e, 
to
tal
 ch
lo
ro
ph
yll
 in
 da
sh
ed
 
lin
es
 an
d T
. d
em
oc
ra
tic
a 
de
ns
iti
es
 as
 ve
rti
ca
l b
ar
s (
em
pt
y b
ar
s i
nd
ica
tes
 de
ns
iti
es
 be
lo
w 
1 
in
d 1
00
 m
 -3 )
. ‘*
’ h
ig
hl
ig
ht
s t
he
 sh
or
t t
im
e-
se
ri
es
 st
ud
ie
s,
 w
he
re
 o
nl
y 
th
e 
fir
st
 m
ea
su
re
m
en
t i
s r
ep
re
se
nt
ed
. ‘
Sf
 ’ 
in
di
ca
tes
 sa
mp
lin
g d
ay
s w
er
e S
alp
a f
us
ifo
rm
is w
as
 al
so
 fo
un
d.
CHAPTER 1
26
democratica was the only salp forming blooms in 
all sampling events except for spring 2013 when 
Salpa fusiformis was also present present in both 
locations (Figure 1.4). When salp abundance was 
low (1 ind 100 m-3 or less), populations were most-
ly composed by blastozooids (Figure 1.4).
Salp densities and meteorological conditions 
favored the development of 8 short time-series 
observations (marked with stars in Figure 1.4; see 
cohort tracking of each survey in Annex Figure 
A.2 ), each of them covering five time transitions. 
The total number of time transitions was 40, all of 
which were used to fit the models. The model that 
best explained the variability observed in our data 
included only females affected by temperature (see 
Annex Table A.1). This effect can be estimated 
using the model equation from Table 1.2. Accor-
dingly, the probability of females growing to males 
(GF) and the concomitant probability of releasing 
an embryo (RF) decreased with temperature (Figu-
re 1.5.a). In contrast, the probability of remaining 
a female (PF) was higher in warmer waters. Within 
the temperature range of this study (14 to 22 ºC), 
GF varied between 0.1 and 7.6 % for a 30-minute 
time step. The number of buds per oozooid per 
30-minute time step was inversely correlated to 
temperature and ranged from 31 to 52. Population 
growth rate (λ) smoothly decreased with tempera-
ture from 0.946 to 0.784. Elasticities (proportio-
nal sensitivity of λ to variation in a particular ma-
trix element) also varied with temperature. Values 
were more balanced at low temperatures, with sli-
ghtly higher elasticities for PPO (Figure 1.5.b). In 
contrast, elasticity values for PF were clearly higher 
at high temperatures. For the sake of comparison 
with existing literature, it is possible to derive the 
stage-dependent survival rates from our model 
probabilities to remain in the same stage (P) and 
to grow until the next stage (G), following the me-
thods given by Caswell (2001). An individual will 
remain in the same stage (P) if it survives (s) and 
does not grow (1 - g), thus P = s * (1 - g). An indi-
vidual will grow into the next stage (G) if it survi-
ves and grows, that is, G = s * g. By using P and G 
estimates from the best model, we could calculate 
survival rates (s) by solving a two-equation system. 
Survival values of each stage are shown in Table 
A.1. (see Annex).
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Matrix element Function or fix value 
PF e - 2.809 + 0.193 * T / (1 + e - 2.803 + 0.193 * T + e 3.945 - 0.415 * T) 
GF/RF e 3.945 - 0.415 * T / (1 + e - 2.803 + 0.193 * T + e 3.945 - 0.415 * T) 
PM 0.739 
RJ 0.011 *  
GJ 0.204 
PJ 0.615 
RPO 0.009 *  
PPO 0.639 
 14.001 + 222.26 / (1 + e 0.112 * T) 
S0 1 / (1 + e 4.518) = 0.011 
 
Table 1.2. Matrix elements and its corresponding function or fix value resulting from the best model, that is, the one with the lowest 
cross-validation error (Cv) (model 1000) (see Table A. 1 in Annex).
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Figure 1.5. a. Female 
matrix parameters under 
different temperatures 
resulting from the best 
model selected. PF , 
probability to remain 
in the female stage, GF 
, probability to grow to 
male stage and RF, give 
birth. 1.5.b. Population 
growth (λ) and its elasti-
city with respect to each 
matrix parameter under 
different temperatures. 
Black bars on the x-axis 
indicate temperatures 
from the samples used 
to fit the model. Matrix 
parameters (P, G, R) and 
their meanings are exp-
lained in Materials and 
methods.
DISCUSSION
We have explored the population dynamics of 
the salp T. democratica by combining a stage-spe-
cific matrix model with empirical modelling of the 
transition matrix elements. Our study highlights 
the key role of the female stage during periods of 
population latency, a conclusion that departs from 
previous hypotheses (Heron and Benham, 1985). 
Our approach required samples of relatively dense 
salp populations to achieve meaningful parameter 
estimates. Consequently, phytoplankton assem-
blages may have been overgrazed and chlorophyll 
measurements may not fully represent the actual 
food availability for the salp population. Moreover, 
population growth rates lower than 1 suggest that 
our observed dense populations might be entering 
senescence. Bearing in mind these limitations, our 
one-time-step expected densities fitted reasonably 
well with our observations (see Annex Figure A.1) 
and the estimated stage-dependent survival rates 
were in consonance with those obtained from pre-
vious model-derived rates (e.g., Henschke et al., 
2015; Table 1.3 ).
The range of temperatures recorded was suffi-
cient to evaluate its effects in salp dynamics. The 
model that best explained the variability observed 
in the population dynamics of T. democratica poin-
ted to a direct, negative effect of temperature on 
females. Low temperatures were associated with 
favorable conditions for salps, while high tempera-
tures corresponded to periods of salp population 
arrest (Figure 1.5). Although the effect of tempe-
rature is clear, these results could be attributed to 
a direct influence on salp physiology or a seasonal 
indicator of primary production levels. In fact, 
temperature has traditionally been inversely rela-
ted to primary production in the Mediterranean 
Sea (Bosc et al., 2004; Saiz et al., 2014). There, 
the lowest water column temperatures occur in 
late winter/early spring, when stratification starts 
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(Estrada, 1996), favoring phytoplankton and salp 
blooms (Ménard et al., 1994). 
These results are in contrast with those obtained 
in previous works, where chlorophyll-a, a measure 
of food availability, determined salp population dy-
namics (Heron and Benham, 1984; Andersen and 
Nival, 1986; Deibel and Paffenhöfer, 2009; Hens-
chke et al., 2014). The chlorophyll-a range used 
in our study might be too narrow to observe any 
response, possibly due to overgrazing at the high 
salp densities we observed (Zeldis et al., 1995). It 
is possible that primary production would describe 
food availability better than chlorophyll-a, but the 
methodology needed to obtain these values was lo-
gistically impossible in our study.
Elasticity analyses showed that the survival of oo-
zooids stimulated population growth during cold, 
favorable periods (Figure 1.5.b). These results 
are in agreement with other studies pointing to 
juvenile oozooid survival as the most sensitive vital 
parameter of the population dynamics (Henschke 
et al., 2015), as well as asexual reproduction, a key 
parameter for exponential growth (Alldredge and 
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Madin, 1982; Andersen and Nival, 1986). Under 
unfavorable conditions (high temperature and low 
food availability), females tended to invest the low 
energy input into slow growth while arresting re-
production, leading to slow population growth 
(Figure 1.5.b). In this sense, we observed that 
low-density populations (1 ind 100 m -3 or less) 
were exclusively dominated by the aggregate stage, 
indicating the potential role of females as a switch 
for population growth. The decrease in female 
reproduction also fits our size distributions (see 
Annex Figure A.2) where surveys under highest 
temperatures (Figure A.2.f; g; h) had no males, 
indicating females were not reproducing. This fin-
ding agrees with Heron and Benham (1985) that 
observed almost all oozooids but only few females 
were reproducing under unfavorable conditions 
while most oozooids and blastozooids were re-
producing under favorable conditions. However, 
they concluded that the pattern for latency periods 
(what they called “overwintering”) was that oo-
zooids arrest their growth producing chains that 
will liberate under benign periods.
The probability of remaining in the same stage 
(P) exhibited higher elasticities than reproducti-
ve rates (R) in the model (Figure 1.5.b). In other 
words, shortening or enlarging the residence time 
in a given stage has more influence on population 
dynamics than producing more or less offspring 
(Heron, 1972a). T. democratica could control 
its population increase rates (r) through time, 
rather than clutch manipulation (sensu Aksnes 
and Giske, 1990), as other pelagic tunicates like 
the appendicularian Oikopleura dioica would do 
(Subramaniam et al., 2014; but see Troedsson et 
al., 2002).
In contrast with hypotheses centred on the role 
of the oozooid stages (Heron and Benham, 1985), 
our results suggest that T. democratica females 
unfold a clockwork sequence of processes that ini-
tiates the bloom (Figure 1.3). Once the conditions 
improve from the latency, the female liberates an 
oozooid, which could have a relatively large size 
(Heron, 1987a; Braconnot et al., 1988) and carry 
a developing chain of daughter females (Alldredge 
Stage 
Survival 
(This work) 
Survival 
(Henschke et al. 2015) 
Female (F) 0.51-0.81 0.84 
Male (M) 0.739 0.55 
Juvenile (J) 0.813 0.89 
Productive (PO) 0.639 0.55 
 
Table 1.3. Model stage-dependant 
survival calculated from our model 
P and G probabilities and compa-
red with survival derived from the 
model of Henschke et al. (2015) 
assuming their daily survivals were 
constant.
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and Madin, 1982). When still physically close to 
its daughters, the female becomes a male. This si-
tuation would favor sex encounter in conditions of 
extreme population dilution. In an isolated group 
of closely related individuals, a sex ratio extremely 
skewed toward the females (i.e., one male, many 
daughters) should favor fitness maximization 
(Hamilton, 1967). Familiar groups of parasitoid 
wasps also showed such deviations from the stable 
1:1 ratio under isolation inside their hosts when 
released from intense local mate competition (We-
rren, 1980). If true, this mechanism would imply 
inbreeding during the early stages of a bloom, a 
process that could be detected using genetic mar-
kers. It should also increase fertilization success 
among males and daughters. These testable pre-
dictions may set the base for future studies on salp 
dynamics.
CONCLUSIONS
We used an inverse method combining a sta-
ge-classified matrix population model, combined 
with empirical in situ observations, to understand 
how the vital rates of T. democratica vary with 
changing environmental conditions. Our results 
point that females are the responsible stage sus-
taining the populations during latency periods 
and not the asexual oozooid as previously hypo-
thesized. Productive oozooid survival accounted 
for high population growth under favorable con-
ditions, while female cessation lowered popula-
tion growth under unfavorable conditions. In both 
scenarios, salps control population growth by time 
rather than clutch manipulation. After a latency 
period, females tend to release the oozooid–which 
could be already generating chains of females– and 
turn to male. This circumstance triggers the bloom 
under extremely low population density by leaving 
the male close to its daughters, and thus favoring 
mating success. Therefore, we postulate that fe-
males may be the triggering mechanism to end the 
latency periods and initiate a salp bloom.
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SALPS SPATIAL 
DISTRIBUTION AND 
THEIR TROPHIC 
IMPACT IN THE 
CATALAN SEA, 
NORTHWESTERN 
MEDITERRANEAN
Maria Pascual, Jose Luís Acuña, Ana 
Sabatés, Vanessa Raya, Marco Leone, 
Jordi Salat1, Verónica Fuentes ABSTRACT
Salps are pelagic tunicates that can rapidly in-
crease in number and produce relevant effects in 
marine ecosystems. A regional approach is essen-
tial to understand their spatial distribution, but 
most research in the NW Mediterranean Sea is ba-
sed on local scales. The present study aims to (1) 
analyze how mesoscale spatial patterns are structu-
red by local physical and biological conditions; and 
(2) evaluate the trophic impact of a salp bloom in 
the Catalan Sea. We used Geographic Information 
System (GIS) and Generalized Additive Models 
(GAMs) to analyze salp spatial patterns and publi-
shed allometric equations to estimate salp metabo-
lic rates. Our results showed that hydrodynamic 
factors (shelf-slope front and onshore component 
of the current) mainly explained Salpa fusiformis 
spatial patterns, although this was influenced by 
biological variables (i.e., low Pelagia noctilu-
ca ephyrae abundance). S. fusiformis ingested a 
maximum of 69.92 mg C m-2 day-1 and defecated 
a maximum of 35.76 mg C m-2 day-1, increasing 
food supply for deep sea communities. The pre-
sence of Thalia democratica was associated with 
warm coastal waters and its low abundance produ-
ced a negligible trophic impact. This work shows 
the importance of considering both hydrodyna-
mic and biological variables, including predators’ 
abundance, in salp spatial analysis.
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INTRODUCTION
Salps are pelagic tunicates widely distributed in 
all worlds’ oceans. Their high local abundances 
can be due to an increase in population growth 
(“true bloom”) or a passive accumulation of the 
individuals from a stable population (“apparent 
bloom”) (Nival et al., 1990; Graham et al., 2001). 
Population growth can be extremely high in some 
salp species (i.e., a generation time of 2 days in 
Thalia democratica  (Heron, 1972a)) coupling 
their abundance to the water column processes 
(i. e., water column stratification or increase in 
primary production) (Graham et al., 2001). At the 
same time, currents may disperse or aggregate salp 
populations depending on the limited horizontal 
swimming capacity (Höfer et al., 2015). Physical 
and biological factors influence salp spatial pat-
terns by affecting salp biology (e.g., temperature, 
food availability, presence of predators or compe-
titors) or individual re-dispersion (e.g., currents, 
eddies or fronts). High local salp abundance has 
been related to spatial variations in food availabili-
ty and temperature affecting salp biology (Huskin 
et al., 2003; Hereu et al., 2006; Henschke et al., 
2014). However, only a few studies have analyzed 
the direct influence of currents on salp dispersal 
(Everett et al., 2011; Höfer et al., 2015), and 
none considered the effect of predation, which 
may reduce local salp abundances. The question 
is whether locally high abundances can only be a 
consequence of accumulation, high population 
growth or both. Both hydrodynamic and biological 
terms should be included together to address that 
question.
When salps are abundant, they notably affect 
marine ecosystems due to their high feeding ra-
tes. They filter a wide size range of particles with 
high efficiency (Kremer and Madin, 1992; Madin 
and Kremer, 1995; Hereu et al., 2006), feeding 
mostly on phytoplankton but also on heterotro-
phic submicro, micro and mesoplankton (Mullin, 
1983; Vargas and Madin, 2004; Sutherland et al., 
2010) or even on fecal pellets (Silver and Bruland, 
1981; Huntley et al., 1989). Then, salp appea-
rance has a temporal impact on the entire pelagic 
community structure (Everett et al., 2011) since it 
can outcompete other filter-feeders such as cope-
pods (Bathmann, 1988). Salps are, in turn, preyed 
upon by numerous higher trophic species such as 
fish, crustaceans, medusae or ctenophores (Harbi-
son, 1998; O’Rorke et al., 2015; Henschke et al., 
2016) and they may have higher nutritional value 
than previously expected (Henschke et al., 2016). 
They also defecate fast sinking fecal pellets that 
contribute to the marine snow and become food 
for benthic and deep sea communities when they 
reach the sea floor (Wiebe et al., 1979; Pomeroy 
and Deibel, 1980; Morris et al., 1988; Lebrato 
et al., 2012; Henschke et al., 2013; Smith et al., 
2014; Henschke et al., 2016).
These effects may be important in the Medite-
rranean ecosystems where high primary produc-
tion is concentrated in spring and autumn, just 
when salps are conspicuous (Chapter 1, Andersen 
and Nival, 1986; Ménard et al., 1994; Licandro, 
2006). Despite the oligotrophic conditions in the 
Mediterranean Sea, several sources of enrichment 
(i.e., winter vertical mixing, occasional coastal 
upwelling, river runoff or frontal structures) can 
enhance primary production (Estrada, 1996). The 
Catalan coast, located in the northwestern Medite-
rranean, has a narrow continental shelf, excluding 
the vicinity of the Ebro river (in the South) and be-
tween submarine canyons (in the North) (Figure 
2.1). A permanent shelf-slope density front along 
the shelf break separates the open sea high-salinity 
from lower-salinity shelf waters and is associated 
to a geostrophic current that flows from NE to SW 
(Font et al., 1988). This shelf-slope front usually 
contains high zooplankton biomass (Sabatés et al., 
1989; Molinero et al., 2008) although its location, 
strength and width can vary seasonally (Sabatés et 
al., 2004).
Salps have been less investigated than other 
zooplankton species in the northwestern Medite-
rranean Sea, probably because of their ephemeral 
appearance and patchy distribution. Several sma-
ll-scale surveys have been conducted in the Ligu-
rian Sea (Braconnot, 1963; Nival et al., 1990; 
Gorsky et al., 1991; Ménard et al., 1994; Lican-
dro, 2006) but larger scale studies are necessary 
to understand how mesoscale structures affect 
salp distribution in this area (Nival et al., 1990). 
The present study investigates (1) how the speci-
fic composition and the spatial patterns of salps 
in the Catalan Sea are structured by local physical 
(temperature, salinity, vorticity and current veloci-
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ties) and biological (chlorophyll -a concentration 
and non-salp zooplankton and Pelagia noctiluca 
ephyrae densities) conditions; and (2) the trophic 
impact of a salp bloom in the Catalan Sea. 
MATERIALS AND METHODS
Sample collection
Sampling was done during the “FishJelly” crui-
se along the Catalan coast from June 15th to July 
3th 2011 with 80 stations distributed in transects 
perpendicular to the shoreline (Figure 2.1). Sta-
tions were placed 7.5 nautical miles apart in each 
transect from near the coast to the slope. The mean 
distance between transects was 10 nautical miles. 
We used a CTD equipped with a fluorometer to 
obtain vertical profiles of temperature, salinity and 
fluorescence that were interpolated to 1 m depth 
intervals. Water samples were collected with a ro-
sette system at different depths, throughout the 
day and night, and filtered through glass fiber fil-
ters (GF/F) to obtain chlorophyll–a for fluorome-
ter calibration. Vorticity (curl of the current velo-
city) and velocity components of the water current 
in the area were obtained from the geostrophic 
fields using the same methodology as Maynou et 
al. (2014). Zooplankton was sampled by oblique 
tows, from a maximum depth of 200 m to the sur-
face, with a Bongo net (40-cm diameter, 300-µm 
mesh) equipped with a flowmeter. After collection, 
samples were preserved in a 5 % buffered formal-
dehyde solution. 
Sample analysis
Chlorophyll-a was extracted from the filters by 
adding 90 % acetone and measuring their fluores-
cence with a fluorometer (Turner designs, Sunn-
Figure 2.1. Sampling locations carried out on the “FishJelly” cruise in the Catalan Sea, NW Mediterranean Sea. Each dot 
indicates a sampling location.
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yvay, CA) after storing them at 4 ºC for 24 hours 
(Venrick and Hayward, 1984). Vertically mean 
chlorophyll-a concentrations (chl-a) (mean value 
between the depth of the chlorophyll maximum 
(DCM) and surface) were used for the analysis of 
spatial distribution of chlorophyll and trophic im-
pact estimates. Total particulate organic carbon 
(POC) was estimated using the equation POC = 
186.21 * chl-a * 0.35 according to Legendre and 
Michaud (1999) for oceanic waters with depths ≤ 
300 m. 
Salps were identified, counted and separated 
with a dissection stereoscope and then scanned 
using a Zooscan (Figure 1.2) (Grosjean et al., 
2004). Salps life cycle (Figure 0.1) alternates 
an aggregate generation, which carries out the 
sexual reproduction, with a solitary generation 
Table 2.1. Equations to calculate carbon weight, clearance, ingestion, ingestion on phytoplankton, defecation rates and grazing 
impact. “L” stands for live length [mm] and “Chl” for mean chlorophyll -a concentration [mg C m-3] that was previously converted 
to carbon biomass using a C/Chl ratio of 60 [mg C m-3] (Nival et al., 1985). We assume that clearance rates are independent on 
the food concentration within our range of particulate organic concentrations (Andersen, 1985). “e” (48.8 %) is the mean assimi-
lation efficiency between percentage of assimilation in diets based on dinoflagelates (64 %) and diatoms (32 %) (Andersen, 1986), 
weighted by proportion of these groups in our study (52.6 and 47.3 %, respectively (Tilves, personal communication)).We applied 
same efficiency rate for T. democratica since the lack of data in the bibliography. Defecation rate was defined as food ingested and 
not assimilated. Grazing impact was calculated using primary production [mg C m-2 day -1] that Estrada (1996) determined in June 
1993 in the same area.
that accomplishes the asexual reproduction. Both 
generations were treated separately for all esti-
mations of metabolic rates (Heron and Benham, 
1985). We measured the length of a maximum 
of 400 individuals of each species  and stage from 
the posterior ridge of the gut to the oral opening 
(as in Foxton 1966) with Image J image analysis 
software (Abramoff et al., 2004). When salps were 
bent, this measure was done by tracing the endos-
tyle. Before metabolic estimations, lengths of the 
formalin-preserved individuals were converted to 
live length by applying a shrinkage correction fac-
tor. We measured few individuals before adding 
formalin, and again two years later to determine a 
percentage of shrinkage of 16 %. Metabolic rates 
were calculated from published allometric equa-
tions (Table 2.1). Abundance was determined by 
 Function Aggregate Solitary Reference 
S. fusiformis 
   
Carbon weigth (W) 
[mgC] 0.0005(L)
2.78 0.0014(L) 2.05 (Cetta et al., 1986) 
Clearance rate (CR) 
[ml ind.–1 h–1] 0.0145(L)
3.32 0.162(L) 2.27 (Andersen, 1985) 
T. democratica    
Carbon weigth (W) 
[mgC] 0.0014(L)
2.04 0.0029(L)1.59 (Heron et al., 1988) 
Clearance rate (CR) 
[ml ind.–1 h–1] 0.0624(L)
2.75 0.0624(L)2.75 (Mullin, 1983) 
Ingestion rate (IR) 
[mgC ind-1 h-1] CR *POC - 
Ingestion on  
phytoplankton(IR phyto) 
[mgC ind-1 h-1] 
CR*Chl  - 
Defecation rate (D) 
[µgC ind-1h-1 ] IR*(1-e) - 
Grazing impact (%) IR phyto*270 -1 *100  
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dividing counts by the water volume filtered (me-
asured with the flowmeters) and expressed as indi-
viduals m-3. For the sake of comparison with data 
in the literature, metabolic rates were expressed in 
units per m-2 by multiplying their mean value by the 
corresponding volumetric abundance [ind m-3] and 
haul depth [m].
Non-salp zooplankton was classified according 
to coarse taxonomic categories: copepoda, crus-
tacean larvae, appendicularia, cladocera, doliolida, 
chaetognata, echinodermata, ostracoda, decapo-
da, mollusca, amphipoda, miscidacea, isopoda and 
euphauseacea. When the category exceeded 100 
individuals, an aliquote was extracted and counts 
were extrapolated to the whole sample volume af-
terwards. Then, we summed counts of all groups 
to calculate total number of non-salp zooplankton 
in each station and used this value for the spatial 
analysis. Maps were done with the free software 
Quantum GIS (Team, 2013) using the UTM 31 
WGS 84 projection.
Statistical analysis
The relationship between salp abundances and 
environmental factors was evaluated with genera-
lized additive models (GAMs; Wood, 2006). This 
kind of statistical models fit the data by applying 
smooth functions along the gradient of predictor 
variables without forcing to any parametric shape 
(Kienast et al., 2012). We fixed each smooth func-
tion (spline functions) to a maximum of 5 degree 
polynomial (k=5) to avoid complex responses of 
little biological significance (Maynou et al., 2014). 
We used the Gamma error distribution and the lo-
garithmic link function because salp abundances 
were continuous, positive and skewed to 0 data. 
One count was added prior density calculation sin-
ce the Gamma distribution does not allow values of 
the response variable to be 0 (Zuur et al., 2009).
A total of 10 candidates were evaluated as expla-
natory variables: depth (m), collection time of the 
day (h), salinity (at 100 m), temperature (at 5 m) 
(ºC), vorticity (10-6 s-1), across shore and along 
shore components of the geostrophic current velo-
city at 10 m (cm s-1; V45 and U45, respectively), chl-a 
(mg C m-3), total non-salp zooplankton abundance 
(ind m-3) and Pelagia noctiluca ephyrae abundance 
(ind m-3). We used salinity at 100 m depth becau-
se, in summer, the shelf-slope front may not be 
well defined at surface (Font et al., 1988) (Note 
that in stations shallower than 100 m we used sali-
nity at the maximum bottom depth). Salpa fusifor-
mis might perform diel vertical migrations, which 
could induce a dependence of salp abundance on 
the time of the day that the sample was collected 
in stations deeper than 200 m. Collection time of 
the day was considered as explanatory variable in 
the model to assess this effect. The abundance of 
P. noctiluca ephyrae was also included as explana-
tory variable to consider predation effect because 
they were observed feeding on salps (Purcell et 
al., 2014). Biological variables (chl-a, non-salp 
zooplankton abundance and P. noctiluca ephyrae 
abundance) and depth were log-transformed to sa-
tisfy normality.
Correlation and co-linearity among pairs of ex-
planatory variables were identified with linear 
regressions with p-value lower than 0.05 and a 
variance inflation factor (VIF) (using the packa-
ge usdm in R) bigger than 3 (Zuur et al., 2009), 
respectively. When two variables were dependent, 
we retained the variable with the highest explained 
deviance in the model. We selected the best mo-
del by forward stepwise method: starting with the 
intercept-only model -without effect of any expla-
natory variable- and increasing complexity adding 
one variable each time. The selection criteria was 
based on comparing the Akaike Information Crite-
rion (AIC; Wood, 2006) of each model, which me-
asures the trade-off between model complexity and 
goodness of fit. The lower the AIC the better the 
model, until AIC decreased less than 5 % compa-
red with the one of the previous model. GAMs were 
fit and plotted using mgcv package in R (Wood, 
2006) and all analysis were performed with the R 
platform (R Core Team, 2015).
RESULTS
Hydrographic conditions
The sea surface temperature differed between 
the northern (18.48 ºC) and southern (24.16 ºC) 
parts of the region with a marked thermal front 
perpendicular to the coastline around 41° 30’ 
N (Figure 2.2). At 100 m depth, the horizontal 
variation of salinity (37.8 to 38.4) defined the 
shelf-slope front, separating the more saline open 
sea waters from the less saline shelf waters. Highest 
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Figure 2.2. Salp abundance distributions laid over temperature at 5 m (a and b), Salinity at 100 m (c and d), integrated chl concen-
tration (e and f) and geostrophic current at 10 m (g and h). Salp abundance for T. democratica (a, c, e, g) and S. fusiformis (b, d, f, h) 
is represented by sized black circles. Isobaths denote from coast to open sea: 100, 200, 500 and 1000 m depth.
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chl-a was detected in the coastal stations and near 
the shelf-slope front (0.267 µg L-1) (Figure 2.2.c.; 
2.2.f). The DCM was between 60 and 80 m dep-
th, located below the thermocline and shallower in 
the coastal stations. The southwestwards geostro-
phic current followed the continental side of the 
shelf-slope front and was associated to the density 
front. Three eddies were found on the continental 
shelf area: near Palamós, Barcelona and the Ebro 
river delta, although only the latter was well defined 
(Figure 2.2.g; 2.2.h).
Salp distribution
The two species found in this study showed diffe-
rent spatial distribution patterns (Figure 2.2). T. 
democratica was less abundant and spread all over 
the continental shelf, although it was also present 
at deeper stations; Its abundance was higher in 
areas with intermediate to high water temperature 
(Figure 2.2.a), being absent in the northern most 
colder part. Its distribution seemed to be related 
with eddy structures, although this pattern is less 
clear (Figure 2.2.g). On the contrary, S. fusifor-
mis was more abundant and distributed all along 
the shelf break, in association with the shelf-slope 
front and associated current, being scarcely pre-
sent in coastal waters (Figure 2.2.d). S. fusiformis 
was also linked to colder waters (Figure 2.2.b). 
The selected GAMs for the abundances of S. fusi-
formis and T. democratica had 4 and 1 terms which 
explained the 41.7 % and 27.7 % of the total de-
viance respectively (Table 2.2). Temperature, sali-
nity, V45, chl-a and non-salp zooplankton abundan-
ce were correlated with depth. We chose depth for 
S. fusiformis model and temperature for T. demo-
cratica since they were the variables that most exp-
lained in each model. High S. fusiformis abundance 
was mainly explained by increasing depths (down 
to a maximum of 250 m) (30.2 %), the negative U45 
(onshore component) (7.9 %) and low P. noctiluca 
ephyrae abundance (3.6 %) (Figure 2.3.a; 2.3.b; 
2.3.c). The most parsimonious model for T. demo-
cratica abundance was only explained by the effect 
of water temperature with an optimal between 22-
23 ºC (Figure 2.3.f; Table 2.2). 
Trophic impact
The throphic impact of salps in the Catalan Sea 
is shown in Table 2.3. All rates were approxima-
tely 100 times lower in T. democratica than in S. 
fusiformis which was more abundant and had larger 
individual size in most of stations. S. fusiformis fil-
tered up to 667.65 L m-2 day-1, ingested 69.92 mg 
C m-2 day-1 of which approximately 50 % was de-
fecated; however, only 1/10 of the total ingestion 
was due to feeding on phytoplankton. 
Table 2.2. Forward stepwise selected GAMs. For S. fusiformis and T. democratica abundance, each row corresponds to a new expla-
natory variable added to the previous model. Last row in each case is the optimal model. AIC: Akaike Information Criterion; Dev: 
Deviance explained (%). The two last columns show the degrees of freedom (edf) and p-values of each term in the selected model.
Term AIC Dev edf p- value
S.  fusiformis NULL 64.370 0
1 +s(log(Depth)+1) 31.469 30.2 3.416 <0.001
2 +s(U45) 21.260 38.1 1 <0.001
3 +s(log(P.noctiluca ephyra)+1) 17.344 41.7 1 <0.01
T. democratica NULL -323.482 0
1 +s(Temperature) -347.068 0.277 3.407 <0.001 
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Figure 2.3. Partial effects of explanatory variables gradient that were significant in the generalized additive models for S. fusiformis 
(a, b, c), T. democratica (d). Dashed lines indicate 95 % confidence intervals. a. Depth: bottom depth (m); b. Across shore current: 
U45 component of the current velocity (m s-1); c. P. noctiluca: P. noctilica ephyrae abundance (Ind m-3); d. Temperature: water 
temperature at 5 m (ºC).
DISCUSSION
Hydrographic conditions and salp distribu-
tion
The gradient between the more saline oceanic 
waters and the less saline shelf waters defined 
the shelf-slope front at 100 m depth. This frontal 
system was associated with the circulation pat-
terns dominated by meandering behavior of the 
Northern current, both well-known feature of the 
region (Font et al., 1995; Flexas et al., 2002; Sa-
batés et al., 2004). The current-frontal system is 
particularly productive in terms of primary and se-
condary production (Estrada and Margalef, 1988; 
Alcaraz et al., 2007) and high zooplanktonic bio-
mass and fish larvae concentrations have regular-
ly been observed along the shelf-break in relation 
to the frontal convergence (Sabatés et al., 1989). 
However, the patterns observed are subject to con-
siderable spatiotemporal variability due to frontal 
mesoscale activity (Sabatés et al., 2004). The high 
chl-a detected far from the coast, between 60 and 
80 m depth, have been reported on different oc-
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Table 2.3. Minimum, maximum and mean values of abundance, biomass, clearance rate, ingestion rate, defecation rate and grazing 
impact in the 80 stations along the Catalan coast. S. fusiformis values are compared with Nival et al. (1985).
casions in the area in relation to frontal dynamics 
(Estrada, 1985; Estrada and Salat, 1989). Over 
the shelf, mainly in the southern part, chl-a patches 
were probably associated with low salinity and pro-
ductive waters of the Ebro river runoff, characte-
ristic of that area (Salat et al., 2002; Sabatés et al., 
2009). Three eddies seem to be present in coastal 
waters as previously recorded in the area during 
summer (Sabatés et al., 2013), although the pa-
ttern was weak, except for the one in front of the 
Ebro river delta.
Analysis of the mesoscale distribution of dyna-
mic populations requires longer survey times than 
smaller scale studies and this can cause negative 
consequences on the degree of synopticity of the 
distribution (Zhou, 1998). The minimum time 
logistically possible to conduct our survey was 
10 days. During this period, spatial distribution 
should have not changed significantly since, in 
June-July, short-time scale changes in the water 
dynamics seem to be less important. Despite this 
possible limitation, our results agree with other 
studies on zooplankton distribution in the same 
area (Sabatés et al., 1989; Nival et al., 1990).
Salp distribution
We found that salp spatial patterns were mainly 
explained by physical factors (depth, across shore 
current component and temperature) but biolo-
gical variables (P. noctiluca ephyrae abundance) 
played an additional role in the observed distribu-
tions. The two species found in the area showed 
different patterns: low T. democratica densities 
were distributed in coastal waters -in agreement 
with other studies (Nival et al., 1990; Hereu et al., 
2006; Henschke et al., 2014) while high S. fusifor-
mis abundances were concentrated along the shelf 
break, in relation with the shelf-slope front and 
the geostrophic current (Figure 2.2). Nival et al. 
(1990) found similar patterns along one transect 
perpendicular to the shore in the Ligurian Sea, but 
they also observed S. fusiformis near the shore. In 
other regions, S. fusiformis was the least abundant 
when it was found with other species of Thalia 
(Thalia orientalis) (Hereu et al., 2006). 
Water temperature explained 27.7 % of the varia-
bility in T. democratica local abundances, showing 
an optimal effect on their abundances between 
 S. fusiformis  T. democratica 
 min max mean 
Nival et 
al., 1985 min max mean 
Abundance 
[Ind. m-3] 
2.48*10-3 11.73 1.20 - 2.66*10-3 3.40*10-1 5.08 
Biomass 
[mg C m-2] 
1.68*10-3 1185.43 23.38 - 1.51*10-3 1.53 0.13 
Clearance rate 
[m3 m-2 d-1] 
5.63* 10-6 0.67 0.064 0.562 2.83*10-6 5.54*10-3 2.6*10-4 
Ingestion rate 
[mg C m-2 d-1] 
4.29*10-4 69.92 6.41 - 1.63* 10-4 5.44*10-1 5.58*10-2 
Ingestion rate(only  
phytoplankton) 
[mg C m-2 d-1] 
2.60* 10-5 7.74 0.66 64.3 6.0*10-6 5.35*10-2 5.64*10-3 
Defecation rate 
[mg C m-2 d-1] 
2.19*10-4 35.76 3.28 9 8.30*10-5 2.78*10-1 2.85*10-2 
Grazing impact 
[%] 
9.63*10-6 2.87 2.44*10-3 35.5 2.22*10-6 2.00*10-2 2.08*10-5 
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22 and 23 ºC. Despite this result, our maximum 
abundances were much lower (< 0.3 ind m-3) than 
those normally achieved during a T. democratica 
bloom (in the order of 1-1000 ind m-3 (Henschke 
et al., 2014; Chapter1)). In Chapter 1, warm tem-
peratures negatively affected population growth of 
T. democratica. Therefore, the relation obtained 
between warm temperatures and high salp abun-
dance may not mean that high temperatures accele-
rated their metabolism but that T. democratica was 
associated with warm coastal water mass. Passive 
accumulation would have influenced the distribu-
tion since high abundances are found associated 
with eddy structures (Figure 2.2.g), in good agree-
ment with other studies (Deibel and Paffenhöfer, 
2009; Everett et al., 2011). However, the pattern 
shown in Figure 2.2.g is weak and the contribution 
of vorticity in the model for this species was negli-
gible. In contrast to our results, Henschke et al. 
(2014) concluded that the largest T. democratica 
abundances were mainly driven by an increase in 
phytoplankton fraction > 2 µm which salps consu-
me more efficiently. Maybe, in an actively growing 
population, high densities would depend on food 
concentration (Henschke et al., 2014), while, in a 
population in arrested growth (our study), indivi-
duals would tend to be dispersed and homogenei-
zed in the water mass (Nival et al., 1990). There-
fore, the drivers of high local salp abundances may 
depend on the developmental state of the bloom.
High abundances of S. fusiformis increased with 
depth (until a maximum in 250 m approximately) 
and onshore current velocity, which together ex-
plained the 38.1 % of its distribution (Table 2.2, 
Figure 2.2 and Figure 2.3). Stations with depths 
around 200 m coincide with the hydrographic 
front and the onshore current indicates a trans-
port of individuals from oceanic waters towards 
the coast. Hence, high S. fusiformis abundance 
resulted from the accumulation of individuals, 
incoming from oceanic waters, on the shelf-slope 
front. This result supports previous hypotheses 
about the transport of young S. fusiformis from the 
offshore region to the coast (Nival et al., 1990). 
Previous research have highlighted the importance 
of hydrographic structures in explaining high salps 
density (Huskin et al., 2003; Deibel and Paffenhö-
fer, 2009; Everett et al., 2011). Besides the direct 
effect of physical aggregation, salp accumulation 
itself -that favors mating during sexual reproduc-
tion- and high food availability typical in fronts (Sa-
batés et al., 2004) may stimulate population grow-
th (Sabatés et al., 1989; Deibel and Paffenhöfer, 
2009; Henschke et al., 2014). Following methods 
of Chapter 3, if we classify S. fusiformis individuals 
into different life stages, 42.5 % of the stations 
presented oozooids with chains, which suggested 
their populations were actively reproducing (Liu 
et al., 2012). The negative effect of P. noctiluca 
ephyrae on the abundance of S. fusiformis (Figure 
2.3.c; Table 2.2) could be attributed to predation 
since salps represented the main contribution to 
the diet of P. noctiluca ephyrae during this survey 
(Tilves et al., in prep). This study first shows a pos-
sible contribution of predation on reducing local 
salp abundance.
Impact on the ecosystem
Due to their low abundances, T. democratica po-
pulations exerted a small trophic impact, while S. 
fusiformis populations had an impact comparable 
to that observed in the Ligurian Sea by the same 
species (Table 2.3). Their maximal clearance rates 
were similar but their ingestion and grazing im-
pact were lower than those observed by Nival et al. 
(1985) (Table 2.3). If we include non-phytoplank-
ton organic particles, defecation rates were ten 
times higher than only considering phytoplankton 
(3.96 mg C m-2 d-1, Table 2.3) and comparable 
with the maximum POC flux in the northeast Pa-
cific (38 mg C m-2 d-1; Smith et al., 2014). With 
low influence of microbial activity (Caron et al., 
1989; Yoon et al., 1996) and a sinking velocity 
of 1000 – 2000 m day-1 (Morris et al., 1988), this 
material should take 1-2 days to reach the ocean 
floor, situated at ca. 1800 m depth. Consequently, 
blooms of S. fusiformis blooms may rapidly transfer 
particulate organic matter from the ocean surface 
to the deep ocean; increasing the food available for 
benthic suspension feeders (Wiebe et al., 1979; 
Smith et al., 2014). However, salps diet might 
affect sinking velocities of fecal pellets depending 
on the content of ‘ballast’ minerals (e. g., opal or 
coccoliths) in the food (Turner, 2015). Maximal 
biomass defecated by salps represents 1.5 times 
the annual organic carbon mean supply near the 
shelf-slope (24 mg C m-2 day-1; Puig and Palanques, 
1998). Mediterranean benthic suspension feeders 
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reproduce in spring-summer (Coma et al., 2000) 
and require some energy storage for reproduction 
(Gori et al., 2013). Seasonal reproduction in deep 
sea species may be regulated by variations in orga-
nic matter that sinks from the surface (Gage and 
Tyler, 1992). 
The role of T. democratica in the transfer of orga-
nic matter to the sea floor may be negligible since 
their maximum defecation rate was low (Table 2.3) 
and the flocculent consistency of their fecal pellets 
cause a slow sinking rate (Pomeroy and Deibel, 
1980). Coprophages and microbial populations 
can also eat and degrade those flocculent aggrega-
tes while suspended in the water column (Pomeroy 
et al., 1984; Alldredge et al., 1986).
CONCLUSIONS
In conclusion, the present study shows that it 
was mainly the hydrodynamic variables which ex-
plained the spatial patterns in the distribution of 
S. fusiformis, although biological variables played 
a secondary role. T. democratica was associated to 
warm coastal waters while S. fusiformis occurred in 
deep stations and was affected by the onshore com-
ponent of the current. The shelf-slope front acted 
like a barrier blocking the flow of S. fusiformis indi-
viduals towards the coast. Secondarily, a negative 
correlation with the density of P. noctiluca ephyrae 
influenced the effect of hydrographic factors in S. 
fusiformis. The trophic impact of T. democratica 
populations was almost negligible due to their low 
abundance. On the contrary, S. fusiformis exhibi-
ted high defecation rates, producing fecal pellets 
that would rapidly sink to the deep ocean. Increa-
sing food supply might be essential for maintaining 
deep sea communities in ecosystems with seasonal 
variations in primary production. Regarding the 
importance of hydrodynamic factors and preda-
tor’s abundance in explaining the spatial distribu-
tion of salps, further analysis should consider both 
types of variables.
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CHAPTER 3
CONTRASTING DIEL 
VERTICAL MIGRATION 
PATTERNS IN 
SALPA FUSIFORMIS 
POPULATIONS
Maria Pascual, Jose Luís Acuña, Ana 
Sabatés, Vanesa Raya, Verónica Fuentes
ABSTRACT
Vertically stratified samplings at three locations 
in the Catalan Sea demonstrated the coexistence 
of two diel vertical migration (DVM) types in Sal-
pa fusiformis populations. Salps performed diur-
nal migration in one station (K2) while nocturnal 
migration in the others (E3 and J3). K2 did not 
differ from the other stations in environmen-
tal conditions (temperature and chlorophyll-a 
concentration profiles). However, K2 had high 
abundance of productive oozooids and higher 
total abundance which suggests the population 
could be actively reproducing. Accordingly, we 
suggest that non-visual predators might exert a 
selective pressure towards diurnal migration of 
salps and that this process might occur faster if 
salp population is actively reproducing. 
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INTRODUCTION
Diel Vertical Migration (DVM) is a behavioral 
pattern where organisms swim vertically through 
the water column in a daily cycle. Differences in 
this migration pattern can be inter- or intra- speci-
fic (Osgood and Frost, 1994; Dale and Kaartvedt, 
2000; Holliland et al., 2012) and individuals can 
change their behavior depending on the environ-
mental conditions (Ohman, 1990; Fischer et al., 
2015). Hypotheses explaining DVM in each si-
tuation are still under study. The most common 
DVM pattern is where individuals reach surface 
at night, and are in deeper waters during the day 
(‘nocturnal migration’). This behavior is attribu-
ted to the trade-off between finding food at the 
surface and avoiding being eaten by their visual 
predators (Lampert, 1989). This hypothesis does 
not explain DVM behavior for migrants without 
visual predators or for diurnal migrations -where 
organisms are at the surface during the day and at 
deeper waters at night (Hammer et al., 1982; Oh-
man, 1990). Alternatively, other hypotheses have 
been suggested: migrators are following migrating 
prey (Hammer et al., 1982; Sims et al., 2005), 
escaping from migrating predators (Ohman et al., 
1983), reducing metabolic expenditures (Enright, 
1977), or aggregating for reproduction (Purcell 
and Madin, 1991).
Salps migration cannot be explained by avoidan-
ce of visual predation since their transparent barrel 
shape bodies are hardly visible -even during dayti-
me- and some species migrate entirely within the 
photic layer (Purcell and Madin, 1991). Purcell 
and Madin (1991) hypothesized that Cyclosalpa 
baekeri migrates to surface at night to aggregate 
and increase mating success. Aggregations are 
essential for salp blooms since their sexual repro-
duction is based on internal fertilization (Heron, 
1972a; Boldrin et al., 2009) and is key for main-
taining genetic variability (Alldredge and Madin, 
1982). In addition to this possibility, additional 
hypotheses are required to explain why some salp 
species are non-migratory (e.g., Thalia democra-
tica (Sardou et al., 1996; Gibbons, 1997)) and 
other species show unclear migration patterns. 
This is the case of Salpa fusiformis whose migra-
tion is subject to controversy: some studies re-
ported nocturnal migration (Franqueville, 1971; 
Andersen et al., 1998; Nogueira et al., 2015) 
while others reported weak or no migration (Laval 
et al., 1992; Tsuda and Nemoto, 1992; Sardou et 
al., 1996). Liu et al. (2012) first reported diurnal 
DVM of S. fusiformis but only when the population 
was dominated by solitary and smaller aggregate 
forms, which suggested that the salps were actively 
reproducing. Their findings highlight the impor-
tance of considering population structure in DVM 
studies of salps. Although none of these works 
gave an alternative explanation for the migration 
pattern, their contrasting results might indicate S. 
fusiformis changes its migratory behavior.
The present work aims to clarify DVM in S. fusi-
formis in the Mediterranean Sea and evaluate the 
impact of population structure and water column 
characteristics on migratory patterns. Specifically, 
we assess whether S. fusiformis performed DVM 
and if so, if the migratory pattern was consistent in 
all of the surveyed locations. 
MATERIALS AND METHODS
Sampling was conducted from June 26th to July 
7th 2011 in the Catalan Sea, northwestern Medite-
rranean Sea, as part of the “Fishjelly” cruise. Three 
stations located at different depths were selected 
to perform stratified samplings: ‘K2’ (41º 23.27’ 
N, 2º 32.18’ E; depth: 118 m) on the continental 
shelf, ‘E3’ (40º 54.30’ N, 1º 19.26’ E; depth:190 
m) on the shelf break and ‘J3’ (41º 10.75’ N, 2º 
27.57’ E; depth: 600 m) over the slope (Figure 
3.1). Depth-stratified zooplankton samplings were 
performed during two consecutive day-night pairs, 
avoiding sunset and sunrise hours. MOCNESS net 
1-m2 opening mouth and 300 µm mesh was deplo-
yed to collect the samples obliquely, moving from 
deep to shallow layers. The strata depth intervals 
were defined accordingly to the maximum depth in 
each station (E3: 25, 50, 100 and 150 m; J3: 25, 
50, 100, 150, 250, 400 and 550 m; K2: 25, 50, 
75 and 100 m). Ship speed was 2–2.5 knots. The 
volume of water filtered by each net was recorded 
by a flowmeter attached to the mouth of the net. 
Zooplankton samples were preserved in a 5 % bu-
ffered formaldehyde solution immediately after co-
llection. Vertical profiles of temperature, salinity 
and fluorescence were obtained by deploying a Neil 
Brown Mark III- CTD equipped with a Sea- Tech 
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fluorometer. To calibrate the fluorometer, water 
samples for chlorophyll -a determination were co-
llected with Niskin bottles mounted on a rosette 
system and closed at different depths, including 
the deep chlorophyll maximum (DCM), throu-
ghout the day and night. Clorophyll-a extraction 
was done in 90 % acetone and their fluorescence 
was measured with a Turner designs fluorometer 
(Turner designs, Sunnyvay, CA) after storage at 4 
ºC during 24 h (Venrick and Hayward, 1984).
The number of individuals of each salp species 
and solitary/aggregate form were counted using 
a dissection stereoscope and separated from the 
zooplankton sample. Density estimates were cal-
culated by dividing the counts by the volume of 
water filtered and then multiplying by the depth 
Figure 3.1. Samplings locations within the Catalan Sea, northwestern Mediterranean Sea: K2 on the continental shelf, E3 on the 
shelf break and J3 on the shelf slope.
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range of each stratum, to facilitate comparisons 
among strata. Densities were standardized to 
individuals per 100 m2. Individuals with signs 
of degradation were considered as sinking dead 
bodies and were not included in the analysis. We 
took pictures of individuals in each sample using 
a Zooscan (Grosjean et al., 2004; Figure 1.2). A 
maximum of 400 individuals per each species and 
solitary/aggregate form were measured digitally 
with image J software (Abramoff et al., 2004) from 
the posterior ridge of the gut to the oral opening 
(Foxton, 1966). Live length was used to classify 
individuals by stage after shrinkage correction of 
16 % (see Chapter 2). Salps life cycle is based on 
an asexual and a sexual phase. In the asexual re-
production, solitary forms, also called oozooids, 
produce chains of females called blastozooids or 
aggregate forms. During the sexual reproduction, 
newborn females are impregnated and internally 
develop an embryo. Females will become males 
once they give birth to the young oozooid, closing 
the cycle (Figure 0.1). Accordingly, we classified 
S. fusiformis into five different life stages using size 
ranges extracted from Braconnot et al. (1988): 
B1(< 4 mm) blastozoids just released or still in the 
oozooid (in case that they have been accidentally 
released during manipulation), B2 (4-18 mm) fe-
males that start developing the embryo, B3 (> 18 
mm) females who have given birth (males), O1(< 
13 mm) Oozooids that have not liberated the first 
chain yet, O2 (≥ 13 mm) productive oozooids 
which are actively producing chains. We calcula-
ted the relative frequencies of each stage over the 
total number of individuals measured. We then es-
timated the densities of each stage in the sample by 
multiplying those frequencies by the total density 
of organisms. 
Non-salp zooplankton were counted and iden-
tified according to coarse taxonomic categories 
(amphipoda, crustacean larvae, copepoda, appen-
dicularia, cladocera, doliolida, chaetognatha, 
echinodermata, ostracoda and mollusca). When 
the number of individuals exceeded 100 we sub-
sampled and extrapolated the count to the whole 
sample. Densities were determined using the same 
calculations as for salps and then standardized to 
100 m2. 
To test for DVM in each variable from a total of 
19 (stages of S. fusiformis, other salp species and 
WMD (m)=
∑ (ni *di)
∑ ni
 
non-salp zooplankton groups) (Table 3.1) the wei-
ghted mean depth (WMD) was calculated for each 
sampling station and time as follows 
where ni is the density of individuals of a given ta-
xon in depth stratum i and di is the midpoint of stra-
tum i. One-way ANOVAs were conducted to test 
for DVM in each station and two-way ANOVAs 
were used for interaction between “day-night” and 
“station”. Data were log-transformed when they 
did not satisfy normality.
RESULTS
The vertical structure of the water column was 
dominated by thermal stratification. Surface wa-
ter temperature was around 22 ºC at stations K2 
and J3 and slightly higher at E3 (23.10 ºC), re-
maining constant (≈13.2 ºC) below 100 m depth. 
The vertical chlorophyll-a profiles showed a deep 
chlorophyll maximum (DCM) located beneath the 
thermocline. Both maximum chlorophyll -a con-
centration (0.53, 0.53 and 0.47 mg m-3 in stations 
E3, J3 and K2, respectively) and the depth of the 
DCM (60, 70 and 80 m in E3, J3 and K2, respec-
tively) were similar in all stations (Figure 3.2).
S. fusiformis was found at different depth strata 
depending on the time of day and its migration 
pattern differed significantly among stations 
(F=10.17; p<0.05) (Figure 3.2). In stations E3 
and J3, S. fusiformis was found at depths below 50 
m during the day but at night it was generally found 
between the surface and 50 m (Figure 3.2). Howe-
ver, this trend was only significant in station J3 
(Table 3.1). In contrast, individuals in station K2 
were in the 0-50 m layer during the day and pri-
marily in the 50-100 m stratum at night, although 
the pattern was marginally significant (Table 3.1; 
Figure 3.2). Maximal total abundances differed 
among stations: 31008 ind 100 m-2 (K2), 453 ind 
100 m-2 (E3) and 2737 ind 100 m-2 (J3).
Stage composition of S. fusiformis also differed 
among stations. In station E3, the population was 
comprised of only females (B1 and B2) and both 
stages exhibited the same migration pattern (Fi-
gure 3.2; Table 3.1). However, none of the pa-
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tterns in E3 were statistically significant (Table 
3.1). In J3 there were females (B2) and oozooids 
that had not produced chains yet (O1), but very 
few productive oozooids (O2) and newborn blas-
tozooids (B1).  All stages were at surface during 
the night with statistical significance (Table 3.1). 
In contrast, in K2 all stages were present and pro-
ductive oozooids (O2) and newborn blastozooids 
were dominant (Figure 3.2). Although all of them 
did a diurnal migration, this was only significant 
(p<0.05) in newborn blastozooids (B1) and pro-
ductive oozooids (O2) and marginally significant 
(p<0.1) in females (B2) (Table 3.1). Males (B3) 
Table 3.1. Weighted mean depth (WMD) (Mean ± SD) of S. fusiformis (divided in the different life stages: B1, B2, B3, O1, O2), T. democratica and 
the non-salp zooplankton species in the three stations (E3, J3 and K2) during day and night. ‘pv’ stands for the resulting p-value in the analysis of the 
variance.
 E3 J3 K2 
Species/stage 
Day Night pv Day Night pv Day Night pv 
S. fusiformis          
   Total 96.1 ±25.2 48.8 ±31.0 >0.1 366.8 ±91.1 33.8 ±28.1 <0.05 26.7± 6.4 53.1 ± 7.2 <0.1 
   Blastozooids (B1) 37.5±53.0 21.8 ±7.7 >0.1 276.9±113.8 18.5 ±7.1 <0.1 30.5 ± 7.0 59.0 ± 4.9 <0.05 
   Blastozooids (B2) 97.3 ±23.4 49.4 ±32.7 >0.1 376.3 ±84.2 34.5 ±29.1 <0.05 21.7 ± 6.4 39.4 ± 3.9 <0.1 
   Blastozooids (B3) - - - - - - 6.3 ± 8.8 18.8 ±265 >0.1 
   Oozooids (O1) - - - 356.8±167.2 22.9 ±7.6 <0.1 42.2 ±17.7 48.7 ± 9.3 >0.1 
   Oozooids (O2) - - - - 25.0 ±17.7 >0.1 34.8 ± 5.3 72.3± 1.9 <0.05 
T. democratica 20.1 ± 4.6 20.5±0.7 >0.1 15.4 ± 2.6 12.7 ± 0.3 >0.1 15.1 ± 3.7 29.2 ± 19.3 >0.1 
Amphipods 90.9 ± 48.3 71.5±50.0 >0.1 87.0 ± 27.9 39.5 ±15.1 >0.1 32.5 ± 5.2 26.5 ± 5.8 >0.1 
Crustacean larvae 80.6±27.2 47.9±1.2 >0.1 62.1±21.8 54.5±8.7 >0.1 55.2±0.1 44.2±8.2 >0.1 
Copepoda 58.1±3.1 43.1±12.4 >0.1 65.4±13.5 55.2±2.9 >0.1 45.5±10.3 33.7±3.0 >0.1 
Appendicularia 69.9±7.2 21.9±13.1 <0.05 59.2 ±17.1 67.9±9.8 >0.1 61.1±2.3 31.0±1.0 <0.01 
Cladocera 19.1±8.1 27.0±19.2 >0.1 23.4±1.5 21.1±1.4 >0.1 13.4±0.2 13.2±0.4 >0.1 
Doliolida 12.9±0.3 13.6±0.7 >0.1 24.5±7.5 37.8±31.0 >0.1 33.0±7.3 19.7±7.6 >0.1 
Chaetognata 24.7±1.4 17.3±1.7 <0.05 31.4±0.1 31.7±22.4 >0.1 34.2±6.4 21.3±9.2 >0.1 
Echinodermata 67.2±9.3 37.1±17.6 >0.1 29.4±10.9 16.8±3.8 >0.1 38.4±19.5 17.8±0.1 >0.1 
Ostracoda 90.7±14.9 84.2±16.9 >0.1 119.5±6.6 90.9±30.6 >0.1 73.6±2.6 40.9±7.6 <0.05 
Mollusca 24.5±6.2 17.9±2.3 >0.1 58.4±13.9 35.7±16.5 >0.1 32.6±13.7 25.3±15.6 >0.1 
 
were only present in K2 the second night and day 
at 0-25 and 25-50 m stratum, respectively and in 
much lower numbers than the blastozooids (B1 
and B2) (72.43 and 6.29 males in 100 m-2, for the 
second night and day, respectively).
The salp T. democratica was distributed mainly in 
the 0-30 m layer and did not show signs of DVM. 
Differences in WMD between day and night were 
not statistically significant for most non-salp zoo-
plankton groups, except for appendicularians at 
E3 and K2, chaetognaths at E3 and ostracods at 
K2 (Table 3.1).
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Figure 3.2. S. fusiformis abundance (Ind m-2) at different depth strata during two consecutive pairs of day(    ) and night (    ) in stations (a) E3; 
(b) J3 and (c) K2. In each depth, upper bar portraits total salp abundance, middle bar are blastozooids (B) (B1and B2) and lower bar repre-
sents oozooids (O) (O1 and O2). Note there is an especific scale for oozooids, and another for blastozooids and total salp number together 
(Total/B). Dashed lines indicate vertical chlorophyll -a profiles (Chl (mg m-3)) and continuous lines show temperature profiles (Temp (ºC)). 
Males abundance is not represented since they only appeared at station K2 and in low abundances (72.43 and 6.29 ind 100 m-2, for the second 
night and day, respectively).
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DISCUSSION
This study is the first report of the coexistence 
of different migratory behaviors of a salp species 
within the same season and area: S. fusiformis per-
formed nocturnal migration in stations E3 and J3 
but diurnal migration in K2 (Figure 3.2; Table 
3.1). Liu et al. (2012) found seasonal changes 
from inconsistent migratory behavior of S. fusifor-
mis in December to a clear diurnal DVM in May 
and June. Both studies hint that S. fusiformis may 
adapt its migrant behavior to different situations, 
which would explain the contrasting patterns of 
DVM of S. fusiformis in previous research (Fran-
queville, 1971; Laval et al., 1992; Tsuda and 
Nemoto, 1992; Andersen et al., 1998). Variable 
DVM patterns have also been observed in other 
species: copepods ceased the migration in lakes 
with very low water transparency (Fischer et al., 
2015) or in absence of predators (Bollens, 1991); 
two cladoceran species changed the migration 
seasonally (nocturnal DVM in June, no migration 
in July, and diurnal DVM in September) depen-
ding on the presence of predators (Lagergren et 
al., 2008); and basket sharks exhibited diurnal 
migration depending on the habitat type, possibly 
tracking the movement of their zooplankton prey 
(Sims et al., 2005). 
The reasons for diurnal migration in salps are 
unknown. We did not find any significant envi-
ronmental differences among K2 and the other 
two stations. K2 (110 m) was much shallower 
than J3  (600 m) but similar in depth to E3 (190 
m); all stations showed a marked thermocline, 
comparable temperature and chlorophyll-a ranges 
and a similar depth of the DCM. None of the other 
zooplankton species we observed performed diur-
nal migrations: T. democratica was distributed wi-
thin the first 30 meters depth and did not exhibit 
DVM (Table 3.1), in agreement with previous 
studies (Tsuda and Nemoto, 1992; Sardou et al., 
1996; Gibbons, 1997); and most non-salp zoo-
plankton groups did not perform clear migration 
(Table 3.1). Therefore, the only feature that made 
K2 differ from J3 and E3 was the S. fusiformis po-
pulation itself. K2 had the maximal salp density 
and presented all life stages, especially produc-
tive oozooids (O2) and smaller blastozoids (B1) 
which significantly performed diurnal migration. 
In agreement with Liu et al. (2012), diurnal mi-
gration occurred when salps and, specifically pro-
ductive oozooids, were abundant, which suggests 
salps were actively reproducing in K2.
The observation that the salps were most abun-
dant and actively reproducing in K2 suggests pos-
sible hypotheses to explain why the migration pat-
tern would change. High abundance could induce 
density-dependent processes; for instance, intras-
pecific competition or predation could increase 
at higher salp densities. Intraspecific competition 
can potentially be avoided if some stages exhibit 
diurnal migration while others do not. In K2 only 
diurnal migration of O2 and B1 was statistically 
significant but the other stages tend to perform the 
same pattern. Predation by non-selective species 
that feed on the most abundant prey could increa-
se in dense salp populations (Ohman and Hirche, 
2001). If predators perform nocturnal DVM, the 
salp’s diurnal migration would minimize spatial 
overlap with them, thereby decreasing mortality. 
A reduction of mortality would also occur in case 
of nocturnal predators that stay at surface. Indeed, 
in actively reproducing S. fusiformis populations, 
a decrease in mortality would favor population 
growth -especially if it affects oozooids: the most 
likely stage contributing to population growth un-
der suitable conditions (Chapter 1; Henschke et 
al., 2015). Similarly, Ohman et al. (1983) calcula-
ted that a decrease in female mortality of only 16 % 
in the copepod Pseudocalanus sp. was sufficient to 
compensate for the demographic costs of diurnal 
migration. Thus, diurnal migration of S. fusiformis 
might be a demographic advantage when there is 
presence of non-visual predators (referring to noc-
turnal predators or predators that perform noctur-
nal DVM).
Salps have a variety of non-visual predators (e. 
g., cnidarians, ctenophores, amphipods; Harbi-
son, 1998; Henschke et al., 2016) two of which 
were present in the study area: amphipods (most-
ly Phronima sedentaria) and the jellyfish Pelagia 
noctiluca. In contrast to previous studies (Laval et 
al., 1992; Sardou et al., 1996), amphipods stayed 
at surface both day and night (Table 3.1), but P. 
sedentaria is likely to be a nocturnal predator 
(Diebel, 1988). On the other hand, P. noctiluca 
has been observed feeding on salps (Purcell et al., 
2014). During the survey, P. noctiluca was mostly 
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sighted at surface at night which suggests that it 
performed nocturnal migration (Tilves et al., ac-
cepted), consistent with observations in previous 
studies (Franqueville, 1971; Larson, 1986; Sar-
dou et al., 1996; Ferraris et al., 2012).
How population changes the migration pattern 
under presence of predators could be explained 
by phenotypic plasticity -changing their behavior 
after detecting some stimuli- or by genotype se-
lection after an environmental change (Ohman, 
1990; Dam, 2013). If individuals changed their 
swimming direction as a scape response to non-vi-
sual predators, the three populations should have 
performed diurnal migration since P. noctiluca 
and amphipods were present in all stations. Con-
cerning the second hypothesis, Ohman (1990) 
suggested that in Pseudocalanus newmani, the 
three migration patterns (nocturnal, diurnal and 
non-migration) could correspond to different ge-
notypes, each dominating under a certain preda-
tion pressure: under visual predation, individuals 
with nocturnal migration genotype would survive 
and successfully reproduce, becoming dominant; 
consequently, under non-visual predation or low 
predation pressure, diurnal migration or non-mi-
gration genotypes would dominate, respectively 
(Ohman, 1990). Hypothetically, this change in 
dominance could occur within a short-time scale 
(i.e., days or weeks) since salps have short gene-
ration times (approximately 14 days in S. fusifor-
mis (Braconnot, 1963; Madin and Deibel, 1998)) 
and asexual reproduction that might amplify the 
genotype of the survivor oozooids (Barbuti et al., 
2012). If this would be true, there would be a se-
lection towards diurnal migration in all stations, 
but in the actively growing population (K2) the 
genotype dominance could have been achieved 
earlier. The potential event-scale adaptation of 
salps needs to be solved theoretically by building a 
population dynamics model to analyze how rapidly 
each genotype could become dominant under diffe-
rent predation pressures.
CONCLUSIONS
In conclusion, this study demonstrates for the 
first time that a salp can perform both nocturnal 
and diurnal migrations in the same season and 
study area. We suggest that in S. fusiformis, the 
type of migration pattern depends on the interac-
tion between the population reproductive state 
and presence of predators: predation pressure by 
non-visual predators on salps might select diur-
nal migration genotype whose dominance in the 
population could be achieved earlier in actively 
reproducing populations. Further observations 
under variable abundance of S. fusiformis and the 
combining presence/absence of P. noctiluca or 
amphipods will allow us to test this hypothesis.
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GENERAL INTRODUCTION
GENERAL DISCUSSION / 
DISCUSSIÓ GENERAL
Salps are eternal drifters. In contrast to other 
holoplankton species that can generate dormant 
stages or diapause eggs, they spend their whole life 
in the water column. Although salps have a certain 
swimming capacity to move vertically in the water 
column, they cannot avoid being accumulated or 
dispersed by water mass dynamics (Chapter 2; but 
see Höfer et al., 2015). Curiously, these organis-
ms evolved from ascidians, probably sessile ances-
tor (Govindarajan et al., 2011), to an r- life-cycle 
strategist living in the unstable water column. As 
a consequence, salp populations have to confront 
periods of extremely low food density and high pre-
dation, which could reduce their local abundances 
(Chapter 2). Individuals may prevent starvation by 
means of high clearance rates due to their gelati-
nous barreled bodies (Acuña, 2001). Thus, they 
could survive during unproductive seasons but they 
might need a higher energy input to shift to a repro-
ductive mode and trigger the bloom (Chapter 1). 
Accordingly, high abundances of salps are strongly 
linked to phytoplankton outbreaks (Deibel and 
Lowen, 2011; Henschke et al., 2014; Heron and 
Benham, 1984); On the other hand, under high 
predation pressure, occurring typically in bloom 
seasons, high fecundity allows salp populations to 
achieve large abundances enough to guaranty few 
survivors (Heron, 1972b).
Latency is essential for the occurrence of blooms 
since it maintains the population during adverse 
conditions, preventing from its complete disappea-
rance. In general, planktonic species undergo the 
latency by shifting the life stage at individual level 
(“life cycle adjustments”) or by reducing the total 
population abundance (“life history adjustments”; 
Figure 4.1; Boero et al., 2008). Clearly, salps use 
the latter strategy since they alternate periods of 
very low densities with periods of extremely high 
abundance (Figure 1.4). Most studies focused on 
determining the factors associated with the salp 
bloom period (Heron and Benham, 1985; An-
Les salpes són organismes que viatgen a la deriva 
eternament. A diferència d’altres espècies d’holo-
plàncton, que poden produir estadis dorments o 
ous en diapausa, elles passen tota la seva vida a la 
columna d’aigua. Tot i que tenen certa capacitat de 
desplaçar-se verticalment en la columna d’aigua, 
no poden evitar ser acumulades o dispersades pel 
moviment de les masses d’aigua (Capítol 2; però 
mirar Höfer et al., 2015). Curiosament, aquests 
organismes han evolucionat dels ascidiacis, proba-
blement ancestre sèssil (Govindarajan et al., 2011) 
cap a un estrategia r, vivint en la inestable columna 
d’aigua. Com a conseqüència, les poblacions de 
salpes han d’enfrontar-se a períodes de carència 
extrema d’aliment i alta depredació, la qual cosa 
pot reduir considerablement les poblacions a nivell 
local (Capítol 2). Els individus podrien prevenir la 
inanició gràcies a que la flexibilitat dels seus cossos 
gelatinosos els permet tenir altes taxes de filtra-
ció (Acuña, 2001) i , per tant, sobreviure durant 
èpoques poc productives. Tot i així, segurament 
necessiten una major entrada d’energia per passar 
a mode reproductor i iniciar el bloom (Capítol 1). 
Aquest fet es reflecteix en l’estreta relació de les al-
tes abundàncies de salpes i els blooms de fitoplànc-
ton (Deibel i Lowen, 2011; Henschke et al., 2014; 
Heron i Benham, 1984). D’altra banda, sota gran 
pressió de depredació, típic en època de bloom, 
l’alta fecunditat ajuda a les poblacions de salpes a 
assolir grans abundàncies garantint així alguns su-
pervivents (Heron, 1972b).
La latència és essencial per a garantir l’aparició 
de blooms ja que manté la població en períodes 
adversos evitant la seva completa desaparició. En 
general, les poblacions d’espècies planctòniques 
passen la latència, a nivel individual, canviant d’es-
tadi del cicle de vida (“life cycle adjustments”) o, 
a nivell poblacional, reduint l’abundància total de 
la població (“life history adjustments”, Figura 4.1; 
Boero et al., 2008). Clarament, les salpes utilit-
zen la segona estratègia ja que alternen períodes 
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dersen and Nival, 1986; Lavaniegos and Ohman, 
2003; Licandro, 2006; Deibel and Paffenhöfer, 
2009; Henschke et al., 2014) but less aimed to the 
latency mechanisms (Heron and Benham, 1985, 
Chapter 1). Heron and Benham (1985) conclu-
ded that the oozooids carry out the latency after 
they observed a higher proportion of oozooids 
that were reproducing during a winter bloom. In 
contrast, we have provided evidence that females 
are responsible for latency periods, increasing the 
probability to trigger the bloom from a very dilute 
starting population (Chapter 1). What Heron and 
Benham (1985) observed could have been the late 
stage of a bloom rather than the population during 
a latency period. Indeed, the low reproduction 
rate of females that they describe is in accordance 
with our size distributions at higher temperatures 
(Figure A. 6. f; g; h in Annex) and with our con-
clusion (Chapter 1, Figure 1. 5. a). Maybe, at the 
end of a bloom, there is an episode of liberation of 
chains, massively producing females that would be 
fecundated immediately to start the latency. Like 
de molt baixa abundància amb d’altres d’extrema 
alta densitat (Figura 1.4). La major part dels estu-
dis se centren en determinar els factors associats 
al període de bloom de salpes (Heron i Benham, 
1985; Andersen i Nival, 1986; Lavaniegos i Oh-
man, 2003; Licandro, 2006; Deibel i Paffenhöfer, 
2009; Henschke et al., 2014), però pocs inves-
tiguen els mecanismes associats amb la latència 
(Heron i Benham, 1985; Capítol 1). Després 
d’observar una major proporció d’oozooides re-
produint-se en el bloom d’hivern, Heron i Benham 
(1985) van concloure que era aquest estadi l’enca-
rregat de dur a terme la latència. Contràriament, 
nosaltres hem trobat evidencies de que són les fe-
melles (blastozooides) les responsables del perío-
de de latència, augmentat la probabilitat d’assolir 
un nou bloom sota condicions de molt baixa densi-
tat d’individus (Capítol 1). El que Heron i Benham 
(1985) deurien veure va ser possiblement el final 
del bloom més que el període de latència. De fet, 
la baixa taxa de reproducció de les femelles que ells 
descriuen coincideix amb la nostra distribució de 
Figure 4.1. Abundance of species ca-
rrying out two different latency strate-
gies: “life cycle adjustment” (a) and a 
“life history adjustment” (b). The time 
scale represented in x axis portrays 
two consecutive periods of adverse 
conditions. From Boero et al. (2008).
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Figure 4.2. Conceptual scheme of the bloom-latency cycle hypothesis, representing the four phases: “bloom trigger phase” were 
the female liberates the embryo allowing the bloom to start; “bloom phase” when the population is actively reproducing and increa-
sing in abundance; “Late bloom phase” characterized by higher proportion of oozooids reproducing and small females in arrested 
reproduction; and “latency phase” when females drift, growing slowly waiting for a suitable environment. White arrows: direction 
of the cycle, black arrows: liberation of individuals, and grey arrow: a female turning into a male; and dotted arrow: sperm liberation.
a bloom of a dandelion flower, which produces 
lots of seeds that fly away, the end of a salp bloom 
would produce drifting seeds (females) that would 
be dispersed, increasing the chances that some of 
those females encounter a suitable environment to 
bloom (Figure 4.2). Once a female finds favorable 
conditions, it would tend to release the embryo and 
become a male (Figure 1.3.b). An hypothetical ma-
ting between a male and its daughters would facili-
tate the initiation of a bloom, although inbreeding, 
in addition to a founder effect, might reduce gene-
tic variability of the resulting population. Whether 
such genetic impoverishment actually happens 
talles observada en els mostrejos amb temperatures 
més altes (Figura A. 6. f; g; h a l’Annex) i amb la 
nostra conclusió (Capítol 1; Figura 1. 5. a). Potser 
a l’etapa final del bloom hi ha un episodi d’allibe-
ració massiva de cadenes, produint femelles que 
seran fecundades immediatament per a començar 
la latència. Com la floració d’una dent de lleó, pro-
duint llavors que s’escampen amb el vent, en el fi-
nal d’un bloom hi podria haver una gran generació 
de llavors (femelles fecundades) que van a la deriva 
i són dispersades per les corrents, augmentant així 
la probabilitat de que una d’elles trobi condicions 
idònies per desenvolupar un nou bloom (Figura 
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during a bloom, and how salps would avoid its ne-
gative consequences, remains a mystery. We sus-
pect that this bottleneck effect might be reduced 
by mixing of different seed populations. Thankfu-
lly, these are aspects amenable to observation by 
means of genetic tracers.
As far as we know, salps are one of few –or pos-
sibly the only– mesoplanktonic species that conti-
nuously alternate sexual and asexual reproduction 
(but see Chapter 1). While sexual reproduction 
is the key for maintaining genetic variability (All-
dredge and Madin, 1982), asexual (clonal) repro-
duction might be a way to replicate many times the 
genotype of survivor oozooids, with a potential 
for rapid evolutionary selection of advantageous 
genotypes. Accordingly, fitness, which depends 
on the survival and mean fecundity of a certain 
genotype (Futuyma, 1988), might increase in 
individuals from populations that produce chains 
of blastozooids faster. A conceptual model for 
Carassius gibelio (Gibel carp), which alternates 
sexual and asexual populations, has shown that 
sexual reproduction creates possible candidates 
to be advantageous genotypes (“generation pha-
se”) while asexual reproduction amplifies the fi-
ttest ones (“amplification phase”; Barbuti et al., 
2012). The time that a fittest genotype needs to 
dominate in a population was shorter when both 
percentage of asexual reproduction and strength 
of the selection increased (Barbuti et al., 2012). If 
this is true for salps, suitable conditions for their 
population growth might in turn increase fitness of 
advantageous genotypes, accelerating the adapta-
tion to short-time scale (i. e., days or weeks) selec-
tive forces (e. g., predation events) (Figure 4.3). 
This mechanism could be a possible explanation 
for the contrasting diel vertical migration patter-
ns found in S. fusiformis (Chapter 3; Figure 3.2): 
predation by non-visual predators could exerted 
a selective force favoring diurnal migration, but 
the fittest genotype could have dominated earlier 
in the actively growing population. However, this 
hypothesis needs to be tested by modeling the dy-
namics of each genotype (diurnal, nocturnal or no 
migration) in the population after different selecti-
ve pressures.
In temperate areas such as the Mediterranean 
Sea, seasonal phytoplankton blooms rapidly in-
crease food availability in the water column but 
4.2). Un cop la femella trobés un ambient favora-
ble, tendiria a l’alliberació de l’embrió i es tornaria 
mascle (Figura 1.3.b). L’hipotètic aparellament 
del mascle amb les seves filles facilitaria la iniciació 
del bloom. Tot i així, l’endogàmia, a més de l’efec-
te fundador, podria reduir la variabilitat genètica 
de la nova població. L’existència d’aquesta deriva 
genètica i la possibilitat de que les salpes evitessin 
les seves conseqüències nocives segueix sent un 
misteri. Creiem que aquest efecte coll d’ampolla 
desapareixeria amb el creuament de diferents po-
blacions fundadores. Per sort, aquest fenomen es 
podria investigar mitjançant estudis amb traçadors 
genètics. 
Pel que sabem, les salpes són una de les poques 
-o potser l’única- espècie mesoplanctònica amb al-
ternança contínua de reproducció sexual i asexual 
(però mirar Capítol 1). Mentre la reproducció se-
xual és clau per a mantenir la variabilitat genètica 
(Alldredge i Madin, 1982), l’asexual (clonació) 
podria ser la via per a replicar nombroses vegades 
el genotip dels oozooides supervivents, la qual 
cosa incrementaria el potencial per a una ràpida se-
lecció evolutiva dels genotips favorables. D’aques-
ta manera, el fitness, que depèn de la supervivència 
i la fecunditat d’un cert genotip (Futuyma, 1988), 
podria augmentar en individus de poblacions ac-
tives que produeixen cadenes de blastozooides 
més ràpidament. A partir d’un model conceptual 
de Carassius gibelio, espècie que també alterna 
reproducció sexual i asexual, s’ha vist que la repro-
ducció sexual serveix per crear possibles genotips 
favorables (fase de generació) mentre que l’asexual 
amplifica aquells que es veuen afavorits (fase 
d’amplificació; Barbuti et al., 2012). El temps 
que necessita un genotip favorable per a dominar 
en la població és més curt quan el percentatge de 
reproducció asexual i la força de selecció són ma-
jors (Barbuti et al., 2012). Si això és cert per a les 
salpes, condicions favorables per al seu creixement 
actiu podrien a la vegada augmentar el fitness dels 
genotips favorables, accelerant la seva adaptació 
sota forces de selecció que actuïn a escales tempo-
rals curtes (dies o setmanes). Aquest mecanisme 
podria ser una possible explicació per als patrons 
diferents de migració vertical diària observats en 
Salpa fusiformis (Capítol 3; Figura 3.2): la preda-
ció per part de depredadors no visuals podria haver 
exercit una força de selecció cap a migració diürna 
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Figure 4.3. Conceptual scheme of the salps adaptation hypothesis: the same selection force is acting on two different salp popula-
tions: a population where abundant resources allow to higher population growth (left); and a population where less resources lead 
to reduced population growth (right). Wider arrows: higher contribution, thinner arrows: lower contribution. Bigger bold boxes 
mean greater values
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for a short period of time. In the typical system 
proposed for these areas, phytoplankton increases 
much faster than can be consumed by zooplankton 
(crustaceans) since the latter has slower growth 
rates (Boero et al., 2008). This situation implies 
that most energy input produced by phytoplank-
ton is lost from the water column and moved to the 
benthic community (i.e., “poor throphic phasing”; 
Parsons, 1988; Figure 4.4.a). Salps growth rates 
are closer to phytoplankton growth rates (Heron, 
1972a; but see Everett et al., 2011) and they usua-
lly appear right after phyplankton blooms (Bracon-
de S. fusiformis, però aquest genotip favorable po-
dria haver dominat abans en la població que esta-
va creixent activament (produint més cadenes de 
blastozooides). Tot i així, aquesta hipòtesi hauria 
de provar-se modelitzant la dinàmica de cada un 
dels tres genotips (migració diürna, nocturna o no 
migració) en la població sota diferents forces de 
selecció.
En àrees temperades com el mar Mediterrani, 
els blooms estacionals de fitoplàncton augmen-
ten ràpidament la disponibilitat de menjar però 
durant poc temps. En el sistema típic proposat en 
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not, 1963; Nival et al., 1990; Gorsky et al., 1991; 
Ménard et al., 1994; Licandro, 2006, Chapter 1). 
Recent studies have shown that these organisms 
are far from trophic dead-ends (Henschke et al., 
2016) because they have an energetic value simi-
lar to the one of phytoplankton (Henschke et al., 
2013) and are preyed by many pelagic species 
(Harbison, 1998; Henschke  et al., 2016). There-
fore, if we consider salps in the system rather than 
only crustaceans, trophic phasing would increase 
considerably since salps would maintain the ener-
gy input from phytoplankton (as part of their body 
mass) longer in the water column. At the same 
time, salps would send organic material to benthic 
communities through their fecal pellets (Chapter 
2; Figure 4.4.b).
The results of this thesis lead us to consider 
evolutionary demographic studies to support the 
hypotheses suggested. Specifically, understanding 
how salp populations avoid a possible bottle-neck 
effects after latency-bloom periods and the role of 
the salp life cycle in the potential adaptability to 
short-time scale environmental stressors. Gene-
tics is a field still poorly explored in salps besides 
few phylogenetic and transcriptomic studies (Go-
vindarajan et al., 2011; Batta-Lona, 2014), but it 
could be a necessary path to further understand the 
opportunistic skills of salps.
aquestes àrees, el fitoplàncton augmenta molt més 
ràpid del que el zooplàncton (crustacis) pot arribar 
a consumir ja que aquest últim té taxes de creixe-
ment més baixes (Boero et al., 2008). Aquesta 
situació implica que bona part del carboni produït 
pels productors primaris es perdi ràpidament de la 
columna d’aigua, mobilitzant-se cap a les comuni-
tats bentòniques (i.e., “poor phasing”; Parsons, 
1988; Figura 4.4.a). Les salpes tenen taxes de 
creixement més properes a les del fitoplàncton 
(Heron, 1972a; però mirar Everett et al., 2011) 
i normalment apareixen just després dels blooms 
de fitoplàncton (Braconnot, 1963; Nival et al., 
1990; Gorsky et al., 1991; Ménard et al., 1994; 
Licandro, 2006, Chapter 1). Estudis recents han 
demostrat que aquests organismes tenen un valor 
energètic similar al del fitoplàncton (Henschke et 
al., 2013) i, per tant, estan lluny de ser vies trò-
fiques mortes (Henschke et al.,2016). Llavors, 
si en aquest sistemes típic d’àrees temperades hi 
consideréssim els blooms de salpes, en comptes 
de només el zooplàncton crustaci, l’adjust de fase 
(“trophic phasing”) podria incrementar conside-
rablement ja que les salpes mantindrien l’energia 
procedent del fitoplàncton (formant part de la 
seva biomassa) més temps en la columna d’aigua 
(Figura 4.4.b). Aquests organismes també envia-
rien part del carboni orgànic al fons a través dels 
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Figure 4.4. Throphic phasing in (a) temperate areas with seasonal phytoplankton bloom only considering crustaceans as zooplankton 
and (b) the same case as “a” but including a salp bloom after the phytoplankton bloom. Green line: phytoplankton (P), orange line: 
crustacean zooplankton (Z); yellow line: salps (S). Dashed lines represent the downward flux of organic matter from phytoplankton (B1), 
crustacean zooplankton (B2) and salps (B3). Blue area indicates biomass that remains in the water column. Modified from Boero et al. 
(2008).
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paquets fecals, enriquint així les comunitats bentò-
niques (Capítol 2; Figura 4.4.b).
Els resultats de la present tesi ens han portat a 
considerar estudis en demografia evolutiva per 
tal de recolzar les hipòtesis suggerides. Concre-
tament, voldríem entendre com les poblacions de 
salpes eviten un possible efecte coll d’ampolla des-
prés del canvi latència-bloom i quin és el paper del 
seu cicle de vida en el potencial d’adaptació a can-
vis ambientals a escales temporals curtes. La genè-
tica és un camp molt poc explorat en l’àmbit de les 
salpes, excepte per alguns estudis de filogenètica o 
transcriptòmica (Govindarajan et al., 2011; Batta 
Lona, 2014), però podria ser el camí necessari a 
seguir per entendre millor les estratègies oportu-
nistes d’aquests tunicats pelàgics.
GENERAL DISCUSSION
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GENERAL INTRODUCTION
CONCLUSIONS 
In contrast to previous hypotheses, our results point to the females as the stage 
responsible for entering to latency and triggering the bloom when conditions be-
come suitable.
Under favorable conditions, productive oozooid survival accounted for high po-
pulation growth while, under unfavorable conditions, cessation of female repro-
duction lowered population growth, leading the population to the latency.
After the latency, females tend to liberate the oozooid –that would be already ge-
nerating chains of females– and turn to male. This situation increases the proba-
bility to trigger the bloom under extremely low population density since it favors 
mating success by leaving the male close to its daughters.
Salps control population growth by time rather than clutch manipulation, since, 
in both situations (favorable and unfavorable conditions), probabilities to remain 
in the same stage (PPO and PF)  had higher elasticities than reproductive rates.
Shelf-slope front and onshore component of the current mainly explained the 
spatial patterns in the distribution of Salpa fusiformis, although abundance of Pe-
lagia noctiluca ephyrae played a secondary role. 
The abundance of T. democratica was low in general and higher densities were 
associated to warm coastal waters.
The trophic impact of T. democratica populations was almost negligible due to 
their low abundances.
S. fusiformis ingested a maximum of 69.92 mg C m-2 day-1 and produced up to 
35.76 mg C m-2 day-1 of fecal pellets, which represents 1.5 times the mean annual 
supply of organic matter near the slope in the Catalan Sea.
S. fusiformis performed nocturnal and diurnal diel vertical migrations (DVM). 
This result was the first evidence of coexistence of contrasting DVM in a salp spe-
cies in the same season and study area.
We propose that, in S. fusiformis, the type of migration pattern might depend on 
the interaction between the population reproductive state and presence of pre-
dators.
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ANNEX
 
  
Temperature 
 
Chlorophyll -a 
 
Temperature and 
chlorophyll -a 
Model 
 Cv Opt Ө 
 
Cv Opt Ө 
 
Cv Opt Ө 
F M J PO 
 
0 0 0 0 
 
172.178 146.768 10 
 
172.347 146.615 10 
 
172.389 148.272 11 
0 0 0 1 
 
184.466 146.653 12 
 
184.457 145.659 12 
 
192.492 146.672 15 
0 0 1 0 
 
176.232 144.965 12 
 
166.515 143.100 12 
 
182.215 143.953 15 
0 1 0 0 
 
163.726 142.754 11 
 
172.180 144.654 11 
 
193.904 144.328 13 
1 0 0 0 
 
160.141 137.4457 12 
 
173.456 144.608 12 
 
185.730 137.940 15 
0 1 0 1 
 
165.647 145.760 13 
 
184.825 143.700 13 
 
206.212 143.475 17 
0 1 1 0 
 
168.627 140.9376 13 
 
167.069 141.085 13 
 
177.571 139.559 17 
1 1 0 0 
 
165.896 135.748 13 
 
172.836 141.097 13 
 
188.016 135.111 17 
0 0 1 1 
 
176.591 143.684 14 
 
174.405 141.005 14 
 
165.147 139.206 19 
1 0 0 1 
 
162.665 135.411 14 
 
181.261 130.208 14 
 
204.170 127.865 19 
1 0 1 0 
 
161.869 129.340 14 
 
171.554 137.160 14 
 
180.999 127.124 19 
1 0 1 1 
 
163.356 126.093 16 
 
187.202 122.371 16 
 
177.930 113.680 23 
0 1 1 1 
 
168.727 139.624 15 
 
174.186 139.003 15 
 
191.209 135.259 21 
1 1 0 1 
 
168.696 134.006 15 
 
183.734 128.966 15 
 
202.502 122.473 21 
1 1 1 0 
 
167.996 128.595 15 
 
169.461 132.955 15 
 
186.069 124.152 21 
1 1 1 1 
 
170.798 125.549 17 
 
186.265 119.912 17 
 
186.917 107.703 25 
 
Table A.1. Summary of the model selection results. Digits in the first four columns indicate whether transitions out of the female (F), male (M), juvenile 
(J) and productive oozooids (PO) stages have (1) or have not (0) been modelled with chlorophyll and/or temperature effects. The following 9 columns 
report the residuals of the cross-validation method (Cv), of the non-linear least squares optimization (Opt) and the total number of parameters to 
optimize (Ө) for models including temperature, chlorophyll and both. Selected model is highlighted in bold.
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 T.demoratica S. fusiformis 
Depth 20.40 30.20 
Temp 27.70 2.97 
Salinity 16.50 17.10 
V45 9.18 5.07 
Chl-a 8.01 3.37 
Zoo 4.14 28.00 
 
ANNEX
Table A.2. Variance inflation factor (VIF) 
to evaluate co-liniarity between explana-
tory variables. Bold numbers indicate VIF 
higher than 3 which means they are co-li-
niar. Variable are : Depth, collection time 
of the day (Time), salinity, temperature 
(Temp), vorticity (vort), cross shore and 
along shore components of the geostro-
phic current velocity (V45 and U45, respec-
tively), chl-a, total non-salp zooplankton 
abundance (Zoo) and Pelagia noctiluca 
ephyrae abundance (Ephyra) (Chapter 2).
Table A.3. P-value resulting from lineal regressions among pairs of explanatory variables. Bold numbers indicate significant relations-
hips (p-value >0.05) (Chapter 2). Variable names are explained in Table A.2
Table A.4. Percentatge of variability explained for 
each explanatory variable that had a significant 
relationship in Table A.3. Values in bold indicate 
the variable that most explained and, thus, the one 
selected to be included in each model (Chapter 2). 
Variable names are explained in Table A.2.
 
Variables VIF 
Time 1.166375 
Depth 4.896413 
Temp 1.215298 
Salinity 3.920013 
vort 1.177213 
U 45 1.112832 
V 45 1.767984 
Chl-a 1.499905 
Zoo 1.981345 
Ephyra 1.113183 
 Time Depth Temp Salinity Vort U45 V45 Chl-a Zoo Ephyra 
Time  0.115 0.323 0.416 0.275 0.951 0.038 0.077 0.955 0.546 
Depth 0.115  0.009 0.000 0.206 0.596 0.000 0.002 0.000 0.715 
Temp 0.323 0.009  0.007 0.381 0.157 0.064 0.037 0.074 0.151 
Salinity 0.416 0.000 0.007  0.676 0.317 0.000 0.000 0.000 0.826 
Vort 0.275 0.206 0.381 0.676  0.131 0.647 0.727 0.378 0.785 
U45 0.951 0.596 0.157 0.317 0.131  0.737 0.205 0.579 0.739 
V45 0.038 0.000 0.064 0.000 0.647 0.737  0.577 0.000 0.815 
Chl-a 0.077 0.002 0.037 0.000 0.727 0.205 0.577  0.084 0.024 
Zoo 0.955 0.000 0.074 0.000 0.378 0.579 0.000 0.084  0.679 
Ephyra 0.546 0.715 0.151 0.826 0.785 0.739 0.815 0.024 0.679  
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Table A.5. p-values (pv) of the Shapiro test to check for normality of the data test differences 
in the weighted mean depth (WMD) between day-night (Chapter 3)
Shapiro-test 
(WMD) E3 J3 K2 
Species/stage pv pv pv 
S. fusiformis    
Total 0.859 0.419 0.784 
Blastozooids (B1) 0.499 0.343 0.603 
Blastozooids (B2) 0.835 0.389 0.823 
Blastozooids (B3) - - 0.161 
Oozooids (O1) - 0.318 0.327 
Oozooids (O2) - 0.161 0.182 
T. democratica 0.940 0.098 0.057 
Crustacean larvae 0.127 0.371 0.145 
Copepoda 0.352 0.075 0.345 
Appendicularia 0.590 0.580 0.092 
Cladocera 0.241 0.861 0.369 
Doliolida 0.414 0.230 0.928 
Chaetognata 0.610 0.689 0.796 
Echinodermata 0.860 0.400 0.052 
Ostracoda 0.580 0.117 0.354 
Mollusca 0.331 0.737 0.736 
Amphipods 0.567 0.869 0.938 
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Table A.6. p-values (pv) of the Shapiro test to check for normality of the residuals of ANOVA to test diferences in the WMD 
between day-night (Chapter 3)
Shapiro-test (residuals) E3 J3 K2 
Species/stage pv pv pv 
S. fusiformis    
Total 0.133 0.986 0.074 
Blastozooids (B1) 0.964 0.840 0.290 
Blastozooids (B2) 0.257 0.963 0.477 
Blastozooids (B3) - - 0.972 
Oozooids (O1) - 0.801 0.652 
Oozooids (O2) - 0.683 0.951 
T. democratica 0.976 0.939 0.992 
Crustacean larvae 0.795 0.902 0.697 
Copepoda 1.000 0.998 0.993 
Appendicularia 0.594 0.555 0.835 
Cladocera 0.868 0.053 0.873 
Doliolida 0.861 1.000 0.505 
Chaetognata 0.083 0.690 0.295 
Echinodermata 0.657 0.963 0.699 
Ostracoda 0.074 0.998 0.968 
Mollusca 0.944 0.102 0.076 
Amphipods 0.239 0.622 0.069 
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Figure A.1. Observed densities at time t+1 (black line) and its one-time-step expected densities given the observed densities at previous 
time t corresponding to the selected model (blue triangles). Longest segments of each triangle define maximum and minimum confidence 
intervals for each one-time-step expected densities. Columns mean the different life stages (female (F), male (M), juvenile (J) and produc-
tive oozooid (PO)); and rows correspond to each sampling day (Chapter 1).
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Figure A.2.  Length frequencies of the 10 surveys (a, b, c, d, e, f, g, h,i,j) expressed as logarithm of the counts for blastozooids (lefth column of gra-
phs) and oozooids (right column of graphs). Each row portraits a time series sample, half an hour apart from the previous one. White bars indicate 
young stages (females and juvenile oozooids) and black bars indicate mature stages (males and productive oozooids). Environmental conditions 
(temperature and chlorophyll –a concentration), date and location are given for each survey (Chapter 1). Note that surveys d and h were not used 
to fit the model since they have only five time transitions. 
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Figure A.3. Pairwise scatterplot with smoothing curve (LOESS) to evaluate correlation for each pair of explanatory variables 
(Chapter 2).
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Figure A.4. Model validation graphs for GAM model of Salpa fusiformis.Histogram of the residuals (a) and residuals versus fitted values 
(b), depth (c), across shore component of the current (d) and Pelagia noctiluca ephyrae abundance (e) (Chapter 2).
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Figure A.5. Model validation graphs for GAM model of Thalia democratica.Histogram of the residuals (a) and residuals versus fitted 
values (b) and temperature (ºC) (c) (Chapter 2).
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Figure A.6. Boxplot of the residuals of the ANOVA to test differences in weight mean depth (WMD) between day and night in 
each station: E3 (a), J3 (b) and K2 (c). “S.f.” stands for Salpa fusiformis and “T.d.” for Thalia democratica. B1, B2, B3, O1 and 
O2 correspond to the different life stages explained in methods section (Chapter 3).
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